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Overview

Overview

In the recent years, the prevalence of some hazardous diseases, i.e. diabetes, obesity,
hyperlipidemia and dental caries has significantly expanded due to the exponential
increase in the sucrose’s consumption. This hurdle increased the demand for using
low-calorie sweeteners in food and beverage productions [1-3]. Atrtificial
sweeteners such as saccharin and aspartame were introduced in the food markets as
suitable low-calorie sweeteners to substitute sucrose, in particular suggested to
patients suffering from diabetes and hyperlipidemia. However, some evidences
revealed that such sweeteners have severe side effects and could lead to bladder
cancer, heart failure and brain tumors [4,5]. Hence, the idea of seeking for natural
sweeteners with no health risks found much popularity nowadays. In light of this, a
large number of people still believe that sweetness can be perceived only upon
consumption of table sugars or some artificial sweeteners; however it is a fact today
that there are some plant-based sweet proteins that could trigger a sweet perception
upon ingestion by mammalian. Indeed, some of the sweet proteins are sweeter than
sucrose and most of nan-calorie sweeteners by orders of magnitude [6]. In addition
to intense sweetness, these proteins do not trigger the demand for insulin [7]. To
date, six sweet and sweet taste-modifying proteins were found such as Monellin [8],
Thaumatin [9], Brazzein [10], Mabinlin [11], Miraculin [12] and Curculin [13],
which are without glycosylation [7,14]. Miraculin and Curculin are the only sweet
taste-modifying proteins with the capability to switch sour food ingredients into
sweet [15-17]. Monellin and Thaumatin are the sweetest proteins among others,
being up to 100,000 sweeter than sucrose on molar basis. All of sweet and sweet
taste-modifying proteins have been extracted from different tropical plants;
therefore, there is no structural homology between them [18]. These proteins like
any other sweeteners can elicit a sweet sensation upon interaction with the sweet
taste receptor, TIR2-T1R3, located on specific cells of tongue, palate, pharynx and

gut [19-22]. However, the binding regions of the sweet proteins to the sweet taste
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receptor are not the same with respect to low molecular weight sweeteners i.e.
sucrose. In fact, the latter sweeteners occupy the orthosteric cavities of the Venus
flytrap domains and activate the receptor, although the binding sites of these
sweeteners to the receptor are diverse from one another [23-26]. On the other hand,
sweet proteins are believed to have a similar mode of interaction to the sweet taste
receptor, which completely differs from that of low molecular weight sweeteners. So
far, one hypothesis has been proposed that best explained the interaction mode
between sweet proteins and the sweet taste receptor, known as “wedge model”.
According to the wedge model, sweet proteins bind to the external cleft between

both subunits of the receptor and activate it [24,27].

Monellin is isolated from Dioscoreophyllum cumminsii, found in tropical rainforest
of West African countries [28]. Monellin is a small protein (~ 11 kDa) consists of 94
amino acid residues and structurally composed of two polypeptide chains. These two
chains are linked together by non-covalent interactions forming a five-strand 3-sheet
half-wrapped around a-helix [29-31]. Although Monellin is benefited with great
properties such as high sweetness intensity, however, it suffers from low thermal
stability. As a matter of fact, Monellin undergoes irreversible denaturation and
subsequently loss of sweetness when heated over 50 °C [32]. This hurdle was
overcome by joining both subunits of Monellin through inserting a Gly-Phe
dipeptide linker at the positions of 49 and 50 to produce a single-chain Monellin,
called MNEI [33]. Indeed, the engineered recombinant protein, MNEI, showed an
increase in the melting temperature to over 70 °C without loss of any sweetness
intensity [32]. Due to the unique properties of MNEI i.e. intense sweetness,
thermostability and cheap/easy production process, it was considered as a promising
candidate to replace sucrose and other commonly consumed sweeteners in specific
food applications [7,18,32,34]. In addition to its potential application in food
industries, MNEI has also been accepted as a protein model for folding/unfolding
and aggregation studies, because of its unique characteristics including high

aggregation propensity, high thermal stability, high solubility in acidic environments
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and structural versatility [35-39]. Herein, we aimed from one side to improve the
stability and sweetness of MNEI via rational design of new mutants; and from the
other side to run various characterization studies on MNEI such as shelf-life,
enzymatic degradation, the effects of ionic compounds on the sweetness intensity of

sweet proteins and aggregation studies.

Thaumatin is another sweet protein with very high sweetness intensity. It is
extracted from the arils of Thaumatococcus danielli, found in the tropical plants of
West Africa [9,40]. High sweetness intensity of Thaumatin can be explained by the
capability to interact with the sweet taste receptor. The complex is stabilized by
electrostatic interactions between positive charge distribution on the external surface
of the protein and the complementary negative charges located on the external cleft
of the receptor [41-44]. It is a single chain polypeptide and composed of 207 amino
acid resides, forming 5 a-helices, 13 B-pleated sheet and bends. This macromolecule
includes 16 cysteine amino acids in its primary structure, which are oxidized to form
eight intermolecular disulfide bonds [45,46]. Thaumatin is also known as a
thermostable protein under acidic condition, in a way that it preserves its sweetness
intensity upon heating at 80 °C for several hours [47]. High thermal stability of
Thaumatin is associated with the existence of eight intermolecular disulfide bridges
[45]. Up to this date, Thaumatin is the only sweet protein that is Generally
Recognized As Safe (GRAS) ingredient to use in different food and beverage
applications [48,49]. However, there are still no reports of Thaumatin’s application
in food industries. In this regard, we aimed to use Thaumatin as a sweetener in two
of the Kraft Heinz Company’s iconic products, i.e. strawberry cordial and tomato
ketchup, followed by performing some analytical studies such as sensory and

rheology analyses.

This project started with further improvement of MNET’s stability and sweetness by
designing a new mutant in a rational way. In this design, we took into account the

available information extracted from some successful mutants with developed
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sweetness and/or stability. For instance, each one of the following point mutations
E23A [50,51], C41A [51], R65Y [52] and S76Y [53] is known to improve a specific
property of MNEI. Among these point mutations, E23A, C41A and S76Y were
dedicated to increase thermal and chemical stability of MNEI, whereas Y65R could
improve the sweetening power of the protein. The data collected from extensive
characterization studies of the new mutant (Mut9) showed a superior stability and
sweetness with respect to the parent protein, MNEI. We began with the
measurement of the secondary structure of Mut9 at pH 2.5, 5.1 and 6.8, followed by
a comparison analysis with the obtained CD spectra of MNEI at the same pHs. The
CD spectra of both proteins, Mut9 and MNEI, were characterized by two minima at
201 nm and 213 nm, indicating a high -sheet content of these proteins, which is
deduced by a strong downward shift at 213 nm. Then, Mut9 was subjected to a
sensory analysis to assess the sweetness power. The sweetness threshold of Mut9
was measured by performing a triangle test and the results were compared to that of
MNEI. Interestingly, the sweetness power of Mut9 has increased by a factor of
about 2 folds with respect to MNEI [54,55]. The thermal stability of Mut9 and
MNEI at pH 2.5, 5.1 and 6.8 was also measured by DSC. The obtained data
demonstrated an astonishing improvement in the thermal stability of Mut9 compared
to MNEI at all explored pHs. The striking development in the thermal stability of
Mut9 was observed at pH 6.8, where the melting temperature of Mut9 was over 20
degrees °C higher than that of MNEI. The stability of Mut9 was further challenged
upon extreme conditions, where samples of Mut9 and MNEI in acidic and neutral
environments were boiled for maximum 10 minutes. Appealingly, the structures of
both proteins at acidic conditions remained well-folded and functional with retained
sweetness up to 10 minutes. Under neutral pH, Mut9 greatly preserved its secondary
structure and sweetness after 10 minutes of boiling; however, MNEI was completely

unfolded and lost its sweetness as short as 2 minutes of boiling [54].

In order to introduce MNEI as a sweetening agent for any commercialization trials,

some characterization studies including shelf-life and physiological effects are
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mandatory. Here, we performed a shelf-life study on MNEI and three of its mutants,
i.e. Mut3, Mut4 and Mut9 to investigate their resistance and oligomerization
propensity in solutions upon a prolonged incubation under various physicochemical
parameters such as pH, temperature and protein concentration. According to the
collected data, incubational temperature significantly affected the integrity of the
proteins, where they were more stable at 4 °C. Further, the pH of incubated solutions
also influenced the proteins but the effect was limited. The sweet proteins showed a
better resistant in acidic environments rather than neural. On the other hand, protein
concentration had a negligible influence on the resistance and integrity of the
proteins in solutions. Based on the data, Mut9 and Mut3 presented a great
performance in terms of resistance and oligomerization propensity, although Mut9
was even stronger than Mut3. The enzymatic digestion of MNEI was also
investigated via simulating the human in vivo digestive system. In this experiment,
three fluids i.e. SSF, SGF and SIF including digestive enzymes and some
electrolytes were used, representing the three human digestive systems: oral, gastric
and intestinal, respectively. The data collected from this study illustrated that the
oral phase which contained only a-amylase did not affect the protein at all.
However, MNEI was digested into many peptide fragments after the gastric phase.
These results were expected due to the existence of the proteolytic enzyme pepsin,
which is known to digest food proteins. After the gastric phase, the sample was
subjected to the intestinal phase that included pancreatic enzymes. As a matter of
fact, peptide fragments were fully degraded into very small pieces in presence of
pancreatic enzymes consisting of trypsin and chymotrypsin. The identification of the
peptides by mass spectrometry is in progress. Preliminary studies on peptides
identification and the possible presence of toxic species formed upon enzymatic
digestion have been performed in silico. The collected data showed that all of the

digested species are nontoxic.

During preparations of home-made beverages using sweet proteins, we have

encountered an inequality issue in the sweetness intensity of sweet proteins using
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different types of commercial waters, which have various amounts of mineral
residues and conductivities. To shed more light on this topic, we performed a
systematic study to understand whether this inconvenience was resulted from
protein’s structural changes or disturbance in the protein-receptor interactions. In
this study, we used 4 sweet proteins, i.e. MNEI, Mut3, Mut9 and Thaumatin as
sweetening agents to prepare drinking samples in 4 commercial waters such as
HPLC grade, Sant’Anna, Rocchetta and Lieve. Then, the sweetness intensity of the
proteins was carefully analyzed by blind sensory analysis and the structures of the
proteins by CD and NMR spectroscopies. To evaluate the effect of different types of
commercial waters on the sweetness intensity of low molecular weight sweeteners,
we also prepared sweet drinking samples using sucrose, sucralose and aspartame.
According to the collected data, all of the explored sweet proteins followed a similar
trend in terms of sensory analysis, where, the sweetness power of the proteins
decreased from HPLC water (the lowest mineral residues amount) to Lieve (the
highest mineral residues amount). Diversely, the structures of the proteins in all
explored types of waters were preserved and the spectra (CD and NMR) of the
proteins were superimposable. On the other hand, the sweetness intensity of sucrose,
sucralose and aspartame in 4 types of waters remained almost identical. According
to the mechanism of action of sweet taste receptor with the sweet proteins explained
by wedge model, we believe that the decrease in the sweetness power of the sweet
proteins is most probably linked to the presence of ionic species, which could

disturb protein-receptor bindings.

In addition to high sweetness power, Monellin and its single-chain constructs were
also observed to have high aggregation propensity upon incubation at specific
physicochemical conditions [55-58]. These conditions, in terms of concentration,
ionic strength and temperature, could resemble the ones encountered during the
storage or food processing steps in industrial preparation. Many toxic species have
been observed during the protein aggregation steps, thus, in order to understand the

influence of physicochemical condition on the aggregation process of MNEI and to
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verify if any toxic forms are formed during the incubation, we investigated the
aggregation propensity of MNEI and controlled the formation and morphology of
the aggregates by modifying experimental conditions. We explored the effects of
temperature, intensive mechanical agitation, ionic strength, different buffering
solution and protein concentration on the aggregation to analyze the kinetics or
morphology of the aggregates. We observed that mechanical agitation with and
without beads and addition of NaCl significantly increased the aggregation kinetics
of MNEI, however, the morphologies of the formed aggregates were totally diverse,
ranging from 100 nm to several um. The Cytotoxicity of MNEI aggregates formed
under different incubational conditions were assessed as well. It was found that only
soluble MNEI aggregates formed after 24 hours of incubation at 65 °C and under
mechanical agitation (with and without PTFE beads) were toxic and the soluble
aggregates detected after 48 and 72 hours of incubations were nontoxic. Worth
mentioning, mature MNEI fibrils are free of any toxicity [59]. The aggregation
tendency and the associated potential toxicity seem not an issue, because only a
combination of high temperature, extensive agitation, high protein concentration and
high ionic strength are required to prompt the aggregation. In addition, the formation

of slightly toxic forms occurs only in a very limited period of time.

These studies are encouraging in view of the possible introduction of MNEI and its
derivatives in Food and beverages products, however further studies to assess their
physiological effects are still needed. Therefore, as an attempt toward
commercialization of sweet proteins, we collaborated with the Kraft Heinz
Company to use Thaumatin as a sucrose replacer in the standard recipes of two
iconic products of the Kraft Heinz Company, tomato ketchup and strawberry
cordial. The reason for selecting Thaumatin among other sweet proteins for this
study was the FDA approval license given to this protein. This allowed the sensory
team of the Kraft Heinz Company to ingest the samples during sensory analysis. To
assess the effects of Thaumatin addition in these two products, we performed a

series of experiments such as sensory analysis and rheological analyses. According
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to the sensory analysis data, the tomato ketchup including Thaumatin tasted more
sour and bitter without sensing any sweetness. The perceived sourness and bitterness
are not because of Thaumatin presence, but these attributes which are coming from
other ingredients i.e. vinegar, were more revealed in the absence of any sweetness.
The loss of Thaumatin sweetness is most likely due to the presence of other
ingredients, i.e. salt that could disturb the protein-receptor binding. Rheological
properties of tomato ketchup were also altered by sucrose removal. In fact, tomato
ketchup including Thaumatin was less thick, less viscose with lower texture
properties. On the other hand, strawberry cordial prepared with Thaumatin showed a
different behavior. Interestingly, the cordial tasted sweet, although the sweetness
perception delayed for a few seconds, which is consistent with the known sweetness
profile of Thaumatin. We strongly believe that the sweetness profile of Thaumatin in
strawberry cordial could be modified by combining Thaumatin with other non-
calorie sweeteners such as sucralose to cover the sweetness delay of Thaumatin. In
addition, the rheological properties of tomato ketchup and strawberry cordial
including Thaumatin could be also adjusted by addition of some food additives i.e.

bulky agents.
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CHAPTER 1

GEWEIIDIGPFTQNLGKFAVDEANKIGQYGRLTFNKVIRPAM
KKTIYENEGFREIKGYEYQLYWRASDKLFRADIYEDYKTRGR
KLLRFNGPVPPP
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Chapter 1_New Mutant of MNEI (Mut9)

Rational design and production of a super stable and

sweeter mutant of MNEI, single chain monellin

Abstract

MNEI, single-chain Monellin, is one of the six sweet and sweet taste-modifying
proteins. It is able to elicit a sweet sensation in humans upon interaction with a
heterodimeric G-protein coupled receptor, T1IR2-T1R3. MNEI has also a high
thermostability, but for industrial applications, it suffers from limited stability and
high aggregation propensity at neutral pH. To improve MNEI’s stability and/or
sweetness, a new construct of MNEI was rationally designed, termed Mut9.
Interestingly, Mut9 displayed an extraordinary stability from strongly acidic to mild
alkaline pH, where the difference of the melting temperatures between Mut9 and
MNEI reached over 20 °C at neutral pH. In Addition, Mut9 at pH 2.5 and 6.8
recovered its folding pattern and its sweetness intensity upon 10 minutes of constant
boiling. Moreover, the sweetness intensity of Mut9 was increased by a factor of
about 2 folds with respect to MNEL. Indeed, the sweetness threshold of Mut9 resided
at 0.80 mg/L, and 1.64 mg/L is known for that of MNEI. The outcome demonstrated
that Mut9 is significantly stronger and sweeter than its parent protein, MNEI. These
findings strongly increase the potential of Mut9 applications in food and beverage

products.
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1.1 Introduction

A great number of people believe that sweetness can be perceived only upon
consumption of sucrose or some non-calorie sweeteners; however, it is a fact today
that there are some plant-based proteins with very high sweetness power that can be
consumed instead of ordinary available sweeteners. Indeed, some of these proteins
are sweeter than sucrose and most of non-calorie sweeteners by orders of magnitude
[6]. Up to this date, six sweet and sweet taste-modifying proteins have been
discovered including Monellin [8], Thaumatin [9], Brazzein [10], Mabinlin [11],
Miraculin [12] and Curculin [13]. In this list, Miraculin and Curculin are known as
sweet taste-modifying proteins, since they can switch the sour substances into sweet
[15-17]. All of the sweet and sweet taste-modifying proteins have been isolated and
purified from unrelated tropical plants. Except their plant origin, they share neither
sequence nor structural homology among themselves [18]. In the recent years, the
prevalence of some hazardous sugar-related diseases such as obesity, diabetes,
hyperlipidemia and carries inspired food and beverage customers and manufacturers
to seek for healthier replacements for ordinary sweeteners. This is why natural
sweeteners i.e. sweet proteins, attracted much attention after unsuccessful
experience of using artificial sweeteners; this is proved by many evidences
demonstrating the consequences i.e. lethal diseases of consuming artificial

sweeteners [3].

Monellin is extracted and purified from Dioscoreophyllum cumminsii, found in
tropical rainforest of West African countries [28]. Monellin has an extraordinary
sweetness intensity reaching to 100,000 times sweeter than sucrose, on molar basis
[18]. Thanks to its sweetness power, Monellin in principle could be an ideal
candidate to substitute the commonly used sweeteners in different industrial
applications [7]. Morphologically, Monellin is a small globular protein (~ 11 kDa),
which is structurally composed of two polypeptide chains, A and B containing 45

and 50 amino acid residues, respectively. The two polypeptide chains of Monellin
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are linked together by non-covalent interactions forming a five-strand pB-sheet half-
wrapped around an a-helix [29-31]. This potent natural sweetener, however,
undergoes irreversible denaturation and subsequently loss of sweetness when heated
over 50 °C [32]. To resolve this inconvenience, single-chain Monellin, MNEI, was
designed by joining both subunits of Monellin through a Gly-Phe dipeptide linker
inserted in the amino acid sequence positions of 51-52 (Fig. 1) [33]. Indeed, this led
to an increase in the melting temperature of the new recombinant protein to over 70

°C without loss of sweetness intensity [32].

Figure 1. Carton mode presentation of MNEI designed from Monellin. A dipeptide linker,
Gly-Phe at the positions of 51-52 is shown in the inset.

All types of sweeteners including sweet and sweet taste-modifying proteins elicit a
sweet sensation upon interaction with the sweet taste receptor, a heterodimeric G-
protein coupled receptor which is composed of two subunits, TIR2-T1R3. This
receptor is located on specialized cells of tongue, palate, pharynx and gut [19-22].

In addition to the seven helix transmembrane domain that is commonly observed in
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class C G protein coupled receptors, the sweet taste receptor includes an extra
membrane domain, named Venus flytrap domain. These two domains are connected
together by a cysteine-rich domain. The Venus flytrap domain named after the
carnivorous plant, since it resembles this plant in two ways: 1) both contain an
active site for orthosteric ligands and, 2) analogous change of shape upon ligand
binding [19]. It is worth mentioning that the sequences of the sweet taste receptor’s

subunits are highly homologous but not identical [23,60].

Sucrose and other low molecular weight sweeteners occupy the orthosteric cavities
of the Venus flytrap domains and activate the sweet taste receptor. However, the
binding regions of low molecular weight sweeteners, including sucrose, to the
receptor are not the same [23-26]. On the other hand, sweet proteins with
considerably larger dimensions are believed to have similar mode of interaction to
the receptor, which is completely different from that of low molecular weight
sweeteners. So far, one hypothesis has been proposed that best explains the
interaction mode between sweet proteins and the sweet taste receptor, known as
“wedge model”. According to the wedge model, sweet proteins bind to the external
cleft between both subunits of the receptor and activate it [24,27,61]. To create the
wedge model, metabotropic glutamate receptor 1 (mGIluR1) with high structural
homology to the sweet taste receptor was used. The reason of using mGIuR1 is that
when the taste receptors were discovered, mGIluR1 was the only class C G proteins
with the solved structure. In this model, the sweet taste receptor is under equilibrium
conditions between two conformations, inactive and active form. According to the
wedge model, sweet proteins stabilize the active conformation of the sweet taste
receptor upon binding to a wide cleft between both subunits of the receptor, T1R2-
T1R3 [62].

In biotechnology, the most practical technique to improve the properties of proteins
is site-directed mutagenesis [63]. Deep structural studies of receptor-protein

complex in parallel with protein engineering technique are the key of building new
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mutants with improved properties. In order to design new mutants of sweet proteins,
it is vital to preserve the three dimensional shape of the protein to keep its
functionality. Moreover, surface charge can be a very decisive factor on the
sweetness potency of the protein. It is known that the surface of sweet taste receptor,
T1R2-T1R3, is covered by many acidic amino acid residues [24,27]. This is why,
mutations increasing the acidic amino acids on the outer surface of single and
double chain Monellin [52,64-66], Thaumatin [43,67-69] and Brazzein [70-72] led
to decrease or cancelation of sweetness. On the other hand, random increase of basic
amino acids on the external surface of the sweet proteins might abate the sweetness
intensity as well. For instance, some mutants of single-chain Monellin such as
M42R, Y63R, Y65R and D68R were designed by introducing surface basic amino
acids and the obtained data demonstrated that only the sweetness intensity of mutant
MNEI-Y65R was increased, while other point mutations reduced the sweetness [52].
The reason is that the acidic amino acids distribution on the surface of sweet taste
receptor is non-homogeneous. Therefore, to design new sweet proteins with
improved sweetness and/or thermal stability, positive charges should be located on

specific positions on the surface [24,27].

Considering the promising industrial applications of sweet proteins, some attempts
have already been performed to improve the properties of MNEI based on the
surface interactions with the sweet taste receptor predicted by the wedge model. The
sweetness and stability of MNEI were developed via designing new mutants such as
Mut3, Mut2 [73], Y65R-MNEI [52] and E23Q-MNEI [50]. In this study, we aimed
to further improve the stability and sweetness intensity of single-chain Monellin,
MNEI, by designing 5 mutants. Only one mutant, dubbed Mut9, was successfully
produced and characterized by different biophysical techniques, with a particular
attention to assess its thermal/chemical stability and sweetness potency. The results
achieved from the evaluation of stability and sweetness intensity of Mut9 confirmed

the possibility to further improve MNEI properties in response to the markets
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demands for replacing ordinary sweetening substances in food and beverage

products.

1.2 Materials and Methods
1.2.1 Cloning, Expression and Purification of the Mutant

The synthetic full-length genes encoding for the sequences of Mut5, Mut6, Mut7,
Mut8 and Mut9 were purchased from Eurofins Genomic Company. The genes were
cloned into the expression vector of pET22b(+) (Novagen) between the Ndel and
BamHI restriction sites. The recombinant proteins were expressed in Escherichia
coli BL21(DE3) and purified from the cell lysate by ion-exchange chromatography
followed by size-exclusion chromatography for salt removal as previously described
[34]. The identity and purity of the proteins were confirmed by SDS-PAGE
electrophoresis and circular dichroism spectroscopy. Protein concentration was
measured using UV-Vis spectrophotometer (Thermo GENESYS™ 10UV, USA).

1.2.2 Circular Dichroism Spectroscopy (CD)

CD measurements were performed on a Jasco J-715 spectropolarimeter (Jasco,
Essex, UK), equipped with a Peltier temperature control system (PTC-348WI, Jasco,
Essex, UK), using a 0.1 cm quartz cell. The CD curves of Mut9 and MNEI were
obtained in 0.020 M sodium phosphate buffer at pH 2.5, 3.5, 4.5, 5.5, 6.8 and 8.0.
To assess the effect of temperature, spectra of Mut9 and MNEI in 0.020 M sodium
phosphate buffer at pH 2.5 and 6.8 were measured at 10 °C intervals in the range of
25 - 95 °C and back to 25 °C. In another experiment, CD spectra were acquired
upon boiling Mut9 and MNEI dissolved in the same buffers for 2, 5 and 10 minutes,
and cooling back the protein solutions to room temperature. The spectra measured in
the far UV-range (195-250 nm) with a scan speed of 50 nm/min and each

experiment was performed with 3 accumulations. Thermal denaturation profiles
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were also recorded following the signal at 215 nm while varying the temperature
from 25 to 95 °C at a rate of 1 °C/min. Molar ellipticity per mean residue [0] was

calculated according to the formula:
[0] = [0]aps mrw / (10 x I x C),  deg cm?dmol™*

where [0]os i the raw ellipticity values measured in degrees, mrw is the mean
residue molecular weight of each protein (Da), C is the protein concentration in g/ml
and | is the optical path length of the quartz cell in cm. In all experiments, the
concentration of Mut9 and MNEI was 0.2 mg/mL, measured by UV absorbance at
280 nm using a calculated value of the absorbance at 0.1 % of 1.41. In order to have
a quantitative estimation of the secondary structure content, the CD spectra were

deconvoluted using the BestSel online tool [74].

1.2.3 Sensory Analysis

Sweetness intensity was evaluated by triangle test [52]. A team of 5 panelists
participated in the sensory analysis. MNEI solutions and mineral water were used as
positive and negative controls, respectively. Three paper cups, one containing 5 mL
of protein sample and two cups containing 5 mL of mineral water were provided for
the panelists to taste the samples and record their evaluation from 0 (no taste) to 2. A
value of 1 indicated the perception of an unidentified taste and 2 meant the taste was
recognized as sweet. The sample solutions were provided from the lowest (35 nM)
to the highest (220 nM) concentration. Sweetness threshold was the concentration at

which the protein scored 2 on average.

To assess taste performance upon thermal treatment, a blind sensory analysis was
performed on 20 mg/L Mut9 and MNEI sample solutions before and after boiling
for 2, 5 and 10 minutes. The boiled samples were tasted and the assessments were
made on a table with three tasting rates: same sweetness, decreased sweetness and

loss of sweetness. In both experiments, the subjects tested the sample solutions
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without any time constraints, then spat it out and rinsed their mouth thoroughly with

mineral water within 1 minute.

1.2.4 Differential Scanning Calorimetry (DSC)

Calorimetric measurements were performed using a Nano-DSC 6300 (TA
Instruments, USA). Protein samples were prepared in 0.020 M sodium phosphate
buffer with a concentration of 1 mg/mL and ran with a scanning speed of 1 °C/min
and in a temperature range of 20-110 °C for Mut9 and 20-100 °C for MNEI. During
the temperature scans, a total pressure of 3.0 atm was applied to both cells using
nitrogen gas. Buffer scans were recorded separately under the same conditions and
subtracted from sample scans to obtain the excess molar heat capacity function [75].
A second run heating of the protein samples under identical conditions, after cooling
down from the first run heating was also performed to verify the reversibility of the
process. The reversibility percentage is calculated by dividing AHg, of the second
scan to AH, of the first scan x 100.

The denaturation temperature, T4 and enthalpy AgH were obtained by the maximum
of the DSC peak and the integrated area under the peak, respectively. All DSC data
analyses were performed using the Nano-Analyze software supplied with the

instrument.

1.3 Results and Discussion
1.3.1 Protein design and production

In this study, we aimed to design new mutants of MNEI with a particular focus on
the thermochemical stability improvement. As a result, we rationally designed 5 new
mutants i.e. Mut5, Mut6, Mut7, Mut8 and Mut9 using molecular dynamics and

literature data. The collected data indicated that upon high temperature (over T, of
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MNE]I), the a-helix of the protein dissociates from the pB-sheet resulting in protein
denaturation. To avoid this from happening, we introduced 2 cysteine residues for
each of the proteins: Mut5, Mut6, Mut7 and Mut8, one on the a-helix and another
one on the B-sheet with a close distance in order to form disulfide bonds and make
the protein resistant against any structural dissociation. The sequences of the
proteins including Mut5, Mut6, Mut7 and Mut8 are presented in Table 1. The genes
of the proteins were cloned into the expression vector for production. Among these
proteins, only Mut7 was isolated as a folded protein whereas the other ones
precipitated during purification procedure. The results of characterization studies on
Mut7 showed that the protein has low solubility, no sweetness functionality and low
stability with respect to its parent protein, MNEI. On the other hand, Mut9 was

successfully produced and characterized.

Table 1. The amino acid sequences of MNEI and its designed mutants i.e. Mut5, Mut6,
Mut7 and Mut8.
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Mutant

MNEI

Mut5

Muté6

Mut?7

Mut8

To design Mut9, we took advantage of some successful mutants such as E23A-
MNEI, C41A-MNEI [51], Y65R-MNEI [52] and S76Y-MNEI [53] (Fig. 2). Each
one of these point mutations is reported to develop a specific property. For instance,
E23A, C41A and S76Y could enhance the thermal and chemical stability of MNEI
[51,53]. In more detail, the mutation E23A increased the pH stability of MNEI from
strongly acidic to mild alkaline pH. This gain in the chemical stability is due to the

peculiar position of this residue that is buried inside the C-terminal region of the a-
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Sequence

1
GEWEIIDIGP
41
CMKKTIYENE
81
TRGRKLLRFN
1
GEWEIIDIGP
41
SMKKTIYENE
81
TRGRKLLRFN
1
GEWEIIDIGP
41
SMKKTIYENE
81
TRGRKLLRFN
1
GEWEIIDIGP
41
SMKKTIYENE
81
TRGRKLLRFN
1
GEWEIIDIGP
41
SMKKTIYENE
81
TRGRKLLRFN

11 21 31
FTQNLGKFAV DEENKIGQYG RLTFNKVIRP
il 61 71
GFREIKGYEY QLYVYASDKL FRADISEDYK
91

GPVPPP

11 21 31
FTENLGKFAV  DEQNKIGQYG RLTFNKCIRP
51 61 71
GFREIKGYEY QLYVYASDKL FRADISEDYK
91

GPVPPP

11 21 31
FTQNLGCFAV DEQNKIGQYG RLTENKVIRP
51 61 71

GFREIKGYEY QLYVYASDKL FRADISEDYK
91

GPVPPP

11 21 31
FTCNLGKFAV DEQNKIGKYG RLTFNKCIRP
51 61 71
GFREIKGYEY QLYVRASDKL FRADISEDYK
91

GPVPPP

11 21 31
FTQNLGCFAV DEQNKIGKYG RLTENKVIRP
51 61 71
GFREIKGYEY QLYVRASDKL FRADISEDYK
91

GPVPPP
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helix [50,51]. In addition to E23A, the point mutation C41A also increased the pH
stability of MNEI by removing the possibility of MNEI to dimerize through an inter-
chain disulfide bonds [51]. The last point mutation dedicated to improve the thermal
stability of MNEI is S76Y. In fact, this mutation alone could elevate the melting
temperature of the protein by 10 °C through increasing the van der Waals
interactions with the surrounding amino acid residues [53]. On the other hand, Y65R
mutation is known to increase the sweetness intensity of the protein by lowering the
sweetness threshold of MNEI from 1.64 to 0.66 mg/L [55]. Mut9 was expressed in
E.Coli using standard recombinant expression protocols and purified by the same
procedure already reported for the parent protein, MNEI [34,55]. The only
mentionable variation in the purification process is that Mut9 eluted by higher salt
concentration solution (200 mM NaCl), compared to MNEI which elutes by 100 -
150 mM NacCl solution.

MNEI Mut9

GEWEIIDIGPFTQNLGKFAVDEANKIGQYGRLTFNKVIRPAMKKTIYEN
EGFREIKGYEYQLYVRASDKLFRADIYEDYKTRGRKLLRFNGPVPPP

Figure 2. Carton mode representation of MNEI (left) and Mut9 (right). The positions of the

single point mutations before and after mutations are highlighted by red color.

1.3.2 Secondary structure of Mut9 and MNEI

The folding pattern and the secondary structure contents of Mut9 and MNEI at
different pHs (2.5, 5.1 and 6.8) were evaluated by circular dichroism spectroscopy
(CD) and deconvolution of CD spectra using the BestSel online tool [74],
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respectively. The collected data showed that the CD spectra of both proteins
remained mostly unchanged from strong acidic to neutral pH (Fig. 3). At all
explored pHs, the spectra of Mut9 were characterized by two minima at 201 and 213
nm similar to those of the parent protein, which is also analogous to the total folding
pattern of cystatin C protein [76,77]. The observed strong minimum at 213 nm in the
secondary structures of MNEI and Mut9 indicated a high -sheet content of these
proteins [78]. The strong minimum in the CD spectra of Mut9 at ~ 201 nm could be
explained by higher a-helix content of Mut9 with respect to MNEI.

3000 -
Jd  mms
2 I
B -3000 \
Ng AR Mut9 pH 2.5
N
(&] -6000 _\. s Mutg pH 51
> ; —— Mut9 pH 6.8
S, —-—- MNEI pH 2.5
L1 -9000 | —-—- MNEI pH 5.1
= —~- MNEI pH 6.8
-12000
-15000 FLERE EURTUE U AR B RS R R B RS L

200 205 210 215 220 225 230 235 240 245 250
Wavelength (nm)

Figure 3. CD spectra of 0.2 mg/mL MNEI and Mut9 in 0.020 M sodium phosphate buffer at
pH 2.5, 5.1 and 6.8. The spectra were taken at 25 °C. The spectrum of each measured pH is
presented by a defined color code in the insets. This figure is adapted from [54].

The secondary structure contents of Mut9 and MNEI at pH 2.5, 5.1 and 6.8 were
quantitatively estimated by deconvolution of their spectra using the BestSel online

tool [74]. The B-sheet and a-helix contents of Mut9 and MNEI were highly
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preserved over the examined pH range, confirming the high stability of the folding
pattern of both proteins from strongly acidic to neutral pH (Table 2).

Table 2. Quantitative estimations of the secondary structure contents of Mut9 and MNEI by
spectra deconvolution (bestsel). Errors on the secondary structure content values are within £
2% [74]. This table is adapted from [54].

Mut9 MNEI
SS (%)

pH 2.5 pH 5.1 pH 6.8 pH 2.5 pH 5.1 pH 6.8

a-helix 19.8 13.7 17.3 13.7 14.7 8.4
B-sheet (antiparallel) 42.2 38.3 38.8 43.8 47.0 45.3

B-sheet (parallel) 1.8 0 0 0 4.7 0

Turn 4.0 8.3 4.7 9.9 4.1 10.5
Random coil 32.2 39.7 39.2 32.6 29.6 35.7

1.3.3 Sensory analysis of Mut9

In order to determine the influence of point mutations on the sweetness power of
Mut9, triangle test technique was performed on this protein to assess the sweetness
threshold. The outcome showed that the sweetness threshold of Mut9 was resulted in
0.80 mg/L (71 nM) by 80 % of the panel. To confirm the accuracy of the panel, the
same tasters also performed triangle test on MNEI as a positive control, and the
sweetness threshold was 1.48 mg/L (132 nM), which is in a good agreement with the
already known data [55]. The data clearly indicated that the point mutation raised
the sweetness intensity of Mut9 by a factor of about 2 folds with respect to its parent
protein, and consistent to the sweetness intensity of Y65R-MNEI [55]. The

presented column graph (Fig. 4) is showing the sweetness threshold of both proteins.
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B MNElI B Mut9
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Sweetness Detection Threshold (mg/L)

0.2

MNEI Mut9

Figure 4. Bar chart presenting the sweetness threshold of Mut9 and MNEI. This figure is
reprinted from [54].

1.3.4 Stability of Mut9

Thermal denaturation profiles of Mut9 were measured from strongly acidic to
slightly alkaline pH (2.5 to 8.0) to monitor the thermal and chemical stability of
Mut9 using CD spectroscopy. In addition, the CD spectra of Mut9 before and after
measuring the T, for each pH were taken to assess the reversibility status of the
protein. Interestingly, the collected results from CD spectroscopy indicated that
Mut9 at all examined pHs is more stable than its parent protein, MNEI (Fig. 5A-5F)
[32,58]. Indeed, Mut9 presented a marked stability from pH 4.5 to 8.0, where the
thermal denaturation profile did not complete even at the maximum temperature
limit (95 °C) of CD spectroscopy instrument (Fig. 5C-5F). The melting
temperatures of Mut9 at pH 2.5 and 3.5 were recorded to be ~ 79 °C and 90 °C,
respectively. According to these data, the obtained T, values of Mut9 at strongly
acidic environment is higher than that of MNEI by 10 °C (Fig. 5A and 5B) [58].
Furthermore, the CD curves of Mut9 at pH 2.5 and 3.5 measured after recording the

melting temperature profiles revealed that the spectral line-shape of the protein was
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totally preserved, confirming the reversibility of Mut9 in acidic environment (Fig.
5A and 5B). Since the CD spectroscopy could not measure the melting temperature
of Mut9 from mild acidic to mild alkaline pH due to a very high thermal stability of
the protein, therefore, Differential Scanning Calorimetry (DSC) was used to
determine the T, of Mut9 at this pH range; and compared them to MNEI’s results at
the same pHs.
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Figure 5. Thermal denaturation profiles and CD spectra of 0.2 mg/mL Mut9 in 0.020 M
sodium phosphate buffer at pH: A) 2.5, B) 3.5, C) 4.5, D) 5.5, E) 6.5 and F) 8.0. The thermal
denaturation profiles were obtained at 215 nm with a heating rate of 1.0 °C/min. CD spectra
measured at 25 °C before (blue) and after (red) thermal denaturation are reported in the inset

of each panel.

The calorimetric studies were carried out in collaboration with Professor Luigi
Petraccone’s research group, Chemical Sciences Department of the University
Naples Federico Il, Naples, Italy. DSC measurements were performed on Mut9 and
MNEI at the pH values of 2.5, 5.1 and 6.8. The results of this experiment confirmed
the CD spectroscopy data, indicating that Mut9 is more thermostable than MNEI at
all tested pHs (Fig. 6). The measured melting temperatures of Mut9 at pH 5.1 and
6.8 recorded a significant improvement reaching to over 20 °C with respect to
MNEI at the same pHs (Fig. 6). Both proteins, Mut9 and MNEI, exhibited an
increase in the thermal stability from pH 2.5 to pH 6.8, with the obtained maximum
values of Tr,and AH at pH 5.1. These observations indicated that both proteins favor

slightly acidic environment over strongly acidic and neutral pH.
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Figure 6. DCS thermograms of 1 mg/mL Mut9 and MNEI solution in 0.020 M sodium
phosphate buffer recorded at different pH values. The thermogram of Mut9 and MNEI for
each measured pH is presented by a defined color code in the insets. This figure is reprinted
from [54].

Furthermore, DSC provided us the possibility to measure the reversibility of the
thermal denaturation process of Mut9 and MNEI by performing second heating run
of the same samples right after cooling down the samples from the first heating
process. Indeed, Mut9 displayed an extraordinary reversibility capability at strong
and mild acidic pH, while the denaturation was irreversible at the neutral pH (Table
3). Noteworthy, MNEI at pH 2. 5 also presented great denaturation reversibility
characteristic, whereas it was irreversible at mild acidic and neutral conditions
(Table 3).
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Table 3. Thermodynamic parameters extracted from the DSC measurements. Errors on
enthalpy and transition temperature are within £ 5 % and + 0.2 °C, respectively. This table is
adapted from [54].

Mut9 MNEI
Properties
pH25 pH51 pH68 pH25 pH51 pH6S
Tn (°C) 79 96.2 95.8 7.4 84.4 74.2
AH_, (KJ/mol) 327 384 336 241 253 246.5
Reversibility (%) 81 67 No 92 No No

Further investigations on the stability and reversibility of Mut9 and MNEI were
carried out using CD spectroscopy. In this experiment, a series of CD curves of
Mut9 and MNEI were taken at pH 2.5 and 6.8, with temperature increasing interval
of 10 °C per each measurement starting from 25 °C to 95 °C and cooling back to 25
°C. The obtained data demonstrated that both proteins under acidic conditions
maintained their folding patterns upon very high temperature (Fig. 7A and 7C).
Indeed, the spectral line-shape of Mut9 was preserved up to 75 °C, but at higher
heating temperature i.e. 85 °C, the protein lost its folding pattern (Fig. 7A). In a
similar way, MNEI at the same pH maintained its folding pattern up to 65 °C,
however, the secondary structure of MNEI was completely disturbed at 75 °C (Fig.
7C). Interestingly, both proteins, Mut9 and MNEI, at acidic pH showed great
denaturation reversibility through refolding back to their initial line-shape and
spectrum intensity after cooling back from 95 °C to 25 °C (Fig. 7A and 7C). At
neutral pH, Mut9 displayed a fantastic stability, where the protein remained folded
even at 95 °C, although a slight reduction in the spectral intensity could be observed
at this temperature (Fig. 7B). Worth mentioning, the spectra measured before and
after heating were superimposable, indicating that the structure of Mut9 was totally

recovered after cooling down from 95 °C to 25 °C. Unlike Mut9, the secondary
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structure of MNEI at pH 6.8 began to unfold when heated above 75 °C (Fig. 7D),
and the spectral line-shape of the protein did not retain after cooling back from 95
°C to 25 °C. Therefore, it can be concluded that the denaturation process of MNEI is

irreversible in neutral environment (Fig. 7D).
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Figure 7. CD curves of Mut9 and MNEI were obtained with a protein concentration of 0.20

mg/mL in 0.020 M sodium phosphate buffer. The presented data are: A) Mut9 at pH 2.5, B)
Mut9 at pH 6.8, C) MNEI at pH 2.5 and D) MNEI at pH 6.8. The spectra were taken from 25
°C with 10 °C increasing interval to 95 °C and cooling back to 25 °C. The spectrum of each

measured temperature is presented by a defined color code in the insets. This figure is

reprinted

from [54].
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To shed more light on the chemical and thermal resistance and folding stability of
Mut9 and MNEI, we designed a new experiment in which the proteins were
subjected to extreme conditions i.e. boiling at acidic and neutral conditions for
different time periods, followed by evaluating the secondary structure and
functionality of the proteins using CD spectroscopy and sensory analysis,
respectively. The concentration of both proteins was adjusted on 0.20 mg/mL and
the samples were heated at 100 °C for 2, 5 and 10 minutes. The goal of this
experiment was to simulate the possible industrial treatments on the proteins for any
preparation procedures of food and beverage products. Intriguing results were
observed for both proteins at pH 2.5. In fact, the CD spectra of Mut9 and MNEI at
pH 2.5 were highly overlapping upon boiling up to 10 minutes (Fig. 8A and 8C). On
the other hand, Mut9 under neutral conditions showed an incredible thermal
resistance. Indeed, the secondary structure of Mut9 remained mostly unchanged
even after boiling for 10 minutes, although a little reduction in the spectrum
intensity could be detected (Fig. 8B). In contrast, at neutral pH the line-shape of
MNEI was totally disturbed after as short as 2 minutes of boiling, which can be
explained by high aggregation propensity of MNEI (Fig. 8D) [58,79]. In addition,
we assessed the functionality of the proteins by running a sensory analysis on the
samples boiled for 2, 5 and 10 minutes. This evaluation was performed on the 20
mg/L proteins, a lower concentration than that used for CD studies (0.20 mg/mL),
but it is comparable with the concentration of a potential drink. The data evidenced
that the increase in the thermal resistance of Mut9 was also paralleled by the
sweetness resistance of this protein with respect to MNEI. In fact, both proteins
retained their sweetness at acidic pH after 10 minutes of constant boiling, whereas at
neutral pH, MNEI completely lost its sweetness after only 2 minutes of boiling,
while Mut9 preserved its sweetness intensity even after 10 minutes boiling (Table
4). These results are in a great agreement with the collected data from CD

experiment.
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Figure 8. CD curves of Mut9 and MNEI with a concentration of 0.20 mg/mL in 0.020 M
sodium phosphate buffer. The presented spectra are A) Mut9 at pH 2.5, B) Mut9 at pH 6.8,
C) MNEI at pH 2.5 and D) MNEI at pH 6.8. This experiment performed under boiling
conditions for 2, 5, and 10 minutes as reported in the inset of each spectrum. All the spectra

were taken at 25 °C. This figure is reprinted from [54].

Table 4. The sweetness assessment of Mut9 and MNEI at pH 2.5 and 6.8 upon boiling for 2,

5 and 10 minutes.
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H2.5 H6.8
q Boiling Time . 3
Protein (min) Same Decrease Loss Same Decrease Loss
sweetness  sweetness sweetness sweetness  sweetness sweetness
0 v v
2 v
MNEI
v
10 v v
0 v v
2 v v
Mut9
v v
10 v v

1.4 Conclusions

The prevalence of some sucrose-related hazardous diseases i.e. obesity,
hyperlipidemia, caries, type 2 diabetes and etc., has turned into a health dilemma in
all societies around the globe, more severely in the developed countries [3]. In some
food and beverage products, sucrose has been replaced by non-nutritive sweeteners.
However, these substances have recently been linked to severe health consequences
[4]. Therefore, seeking for natural-based and healthier sweeteners to replace sucrose
in foods and beverages is of the utmost importance today [3]. Among natural
sweeteners, sweet proteins presented a great potential to substitute sucrose in
beverage and food products, mostly due to their intense sweetness and plant origin.
Monellin is one of the sweetest proteins [6,7]. However, native Monellin suffered
from low thermal stability which limits its possible applications as food sweetener.
This inconvenience was partially improved via designing a single-chain Monellin,
MNEI, which has increased the thermal stability by 20 °C [32,33]. MNEI is a well-
characterized globular protein which combines an extraordinary sweetness with
suitable thermostability [18,32,33]. From industrial point of view, MNEI’s
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application is still challenging due to limited stability and high aggregation
propensity at neutral pH. In the recent years, many efforts have been made to
improve MNEI’s sweetness and/or stability using biotechnology techniques, in
particular site-directed mutagenesis. As a result, some mutants of MNEI including
Mut3, Mut2 [73], Y65R-MNEI [52], E23Q-MNEI [50] and others more were
designed with improved sweetness and/or stability. In this work, we aimed at
improving the stability and sweetness of MNEI by taking advantage of already
available literature data. Indeed, we could rationally design a new mutant of MNEI
with a fantastic combination of stability and sweetness.

The new protein was characterized starting with structural analysis. The secondary
structures of Mut9 and MNEI were identified by two minima at 201 nm and 213 nm
that indicate a high B-sheet content of these two proteins, which could be deduced
by a strong downward shift at 213 nm (Fig. 3). The sweetness threshold of Mut9
was measured by triangle test technique and compared to that of MNEL
Interestingly, the sweetness potency of Mut9 increased by a factor of about 2 folds
with respect to its parent protein, MNEI, where the sweetness threshold of Mut9
resulted in 0.80 mg/L and for that of MNEI is known to be 1.64 mg/L [55].
Furthermore, a remarkable gain in the thermal stability of Mut9 was obtained from
acidic to neutral conditions compared to MNEI. The stability of Mut9 and MNEI
was further examined upon boiling the protein samples at pH 2.5 and 6.8 for
maximum 10 minutes. The secondary structures of Mut9 and MNEI at acidic pH
were preserved for 10 minutes of boiling (Fig. 8). But under neutral conditions,
MNEI lost its folding pattern and precipitated as short as 2 minutes of boiling, while
the structure of Mut9 remained fully folded even after 10 minutes of boiling (Fig. 8).
These data were confirmed by monitoring the functionality of the proteins via
running a series of tasting sessions on the boiled samples at the same pHs (Table 4).
To summarize, the new mutant of MNEI, Mut9, presented a fantastic thermal and
chemical stability. In addition to incredible stability, Mut9 was also endowed by a

great rise in the sweetness potency. These properties made Mut9 even a better
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candidate for food and beverage applications with respect to its parent protein,
MNEL.
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Shelf-life and enzymatic digestion studies of MNEI

and its mutants

Abstract

MNEI, single-chain Monellin, is a very promising sweet protein to replace Sucrose
and other artificial sweeteners in food and beverage industries. However, there is a
lack of data in some aspects i.e. shelf-life and enzymatic degradation in view of a
possible application of this protein as a sweetener. To overcome this inconvenience,
we performed a long-term shelf-life study on MNEI and three of its mutants
including Mut3, Mut4 and Mut9. The sweet proteins in acidic and neutral
environments were incubated at 4 °C and 37 °C to simulate fridge storage and
accelerated shelf-life conditions, respectively. Based on the data collected from UV
measurement and SDS-PAGE, MNEI at acidic conditions presented a higher
stability at 4 °C, where 50 % of the protein remained unaltered after 6 months of
incubation. Instead, the oligomerization trend of the protein incubated at 4 °C was
higher compared to the incubation at 37 °C. On the other hand, Mut3 was very
stable at 4 °C, where only 25 % of the protein was lost upon 6 months incubation.
High integrity of Mut3 was also reflected on the oligomerization tendency of the
protein. In fact, no oligomers in the Mut3 samples could be detected under all
explored physicochemical conditions. The shelf-life data of Mut4 showed almost a
similar resistant with respect to its parent protein, MNEI. However, the
oligomerization propensity of Mut4 was higher than MNEI. Among the examined
sweet proteins, Mut9 was the most resistant protein under all experimental
conditions. The enzymatic digestion of MNEI was also studied by simulating human
in vivo digestive systems i.e. oral phase, gastric phase and intestinal. The protein
remained fully intact by running the oral phase, while after the gastric phase, the
protein was digested into many peptide fragments. These peptides were completely

degraded into very small pieces upon using pancreatic enzymes in the intestinal
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phase. The data obtained from running in silico studies indicated that the peptide
fragments formed after performing the enzymatic digestion experiment on MNEI

were free of any toxicity.
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2.1 Introduction

MNEI, single-chain Monellin, possesses great properties such as high sweetness
potency [18], high thermal stability [32], low structural complexities [29-31],
feasible production procedure [34] and reversibility at acidic conditions. All these
advantages increased the potential of MNEI for food and beverage industrial
applications. However, some data are still missing to introduce MNEI as a
sweetening agent to food markets. First of all, the functional stability and shelf-life
studies of MNEI upon prolonged incubation are mandatory data for any trial in large
scale industrial productions. In addition, it is also necessary to ascertain if the
protein is fully degraded upon enzymatic digestion and, possibly, if any potentially
toxic or allergenic products are formed by simulating the human in vivo digestive

systems.

Precipitation, aggregation or degradation of proteinaceous food products is a
common phenomenon that is highly undesirable in food and pharmaceutical
industries [80-82]. Thinking positively, the formed precipitates and aggregates are
impurities that must be totally removed from the products, and in the best case
scenario, the process leading to participation and/or aggregation could be controlled
[83-85]. Here, precipitates and aggregates refer to any self-associated state of a
protein that is permanently irreversible under the formed conditions [86-89]. Worth
to mention, MNEI is also known for its aggregation propensity, however this
process requires conditions far from the ones usually adopted for food processing
and storage (see chapter 5 aggregation study of MNEI). In order to assess the
functional and shelf-life stability of MNEI and some of its well-characterized
mutants such as Mut3 [73], Mut4 [50] and Mut9 [54], we performed a prolonged
incubation (up to six months) of these proteins under various physicochemical
conditions, i.e. two different temperatures, to simulate fridge storage and accelerated

shelf-life conditions, two protein concentrations and different pHs. The analysis of
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functional stability and shelf-life study were performed by UV-Vis spectroscopy and

polyacrylamide gel electrophoresis.

Among the known MNEI constructs, Mut3 is the sweetest mutant known up to this
date [73]. Indeed, the sweetness threshold of Mut3 has been measured to be 0.28
mg/L [73], where it is 1.64 mg/L for the parent protein [55]. Mut3 is also benefited
with a little higher thermal stability under neutral condition with respect to MNEI,
where the melting temperatures of Mut3 and MNEI at pH 6.8 are 77.8 °C and 75 °C,
respectively [58,73]. Mut3 bears 4 point mutations in total, 3 of them i.e. E23Q,
Q28K and C41S, introduced to improve the protein’s stability, and Y65R, is
dedicated to increase the sweetness power of MNEI [73]. Mut4 is another construct
of MNEI that has a greater stability than its parent protein under neutral and mild
alkaline pH. In fact, the thermal stability of Mut4 in the range of 6.8 — 8.0 is higher
than that of MNEI by over 10 °C. The pH-related instability of MNEI was
associated to E23 residue, which is buried in a hydrophobic pocket at the C-terminal
of the a-helix. Exposure the protein to water can make an abrupt jump in pKa (and
protonation state), leading to protein destabilization in neutral and alkaline
environments [50,51,58]. This is why, it is important to protonate E23 residue in
order to decrease the flexibility of La2 loop. For the design of Mut4, the glutamic
acid at the position 23 was mutated into glutamine amino acid to prevent
deprotonation of E23 at neutral pH, that could reduce the possibility of the water
molecules to penetrate in the hydrophobic cavity [50]. Mut9 is one of the most
stable and resistant mutant of MNEI, which has also a double sweetness power with

respect to its parent protein (see Chapter 1) [54].

Besides the structural and functional integrity of the protein over time, the aim of
this study was also to assess the capability of physiological enzyme to fully digest
MNEI into small and nontoxic fragments. Simulation of digestive systems using in
vitro approaches is a widely used strategy to investigate the gastro-intestinal

behavior of food products. Some privileges such as quick performance, cheap, less
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labor intensive, no ethical restrictions, reproducibility and high capability to control
the experimental conditions make the in vitro methods one of the best options to
analyze the behavior of the oral, gastric, small intestinal and sometimes large
intestinal systems upon ingestion of food and beverage products. In fact, In vitro
models imitate the in vivo digestive systems with the actual physiological conditions
i.e. presence of digestive enzymes with respecting their correct concentrations, pH,
digestion time periods, salt concentrations and some other factors [90]. These
models were used to study the digestibility and bioaccessibility status of proteins as
well [91,92]. To assess the in vitro digestibility of MNEI, we simulated the human
in vivo digestive systems including oral, gastric and intestinal. The decomposition of
MNEI was followed during the entire digestive process: oral phase, oral + gastric
phase and oral + gastric + intestinal phase and gastric + intestinal phase, using
HPLC and MALDI-TOF MS techniques. The peptide fragments of MNEI and their
toxicity were tested through in silico study using Expasy and ToxicPred softwares,

respectively.

2.2 Materials and Methods
2.2.1 Protein expression and purification

The recombinant proteins, i.e. MNEI, Mut3, Mut4 and Mut9 were produced using

the same procedure described in the Materials and Methods section of Chapter 1.

2.2.2 UV-Vis spectroscopy

The variation of solution concentration of MNEI, Mut3, Mut4 and Mut9 was
evaluated upon extended storage: samples of MNEI, Mut3, Mut4 and Mut9 at the
concentrations of 0.5 mg/mL and 5.0 mg/mL were prepared at pH 2.5, 5.1 and 6.8 in
0.020 M phosphate buffers. The samples were stored for 6 months at 4 °C to

simulate fridge storage or at 37 °C for an accelerated shelf-life assessment. The
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protein concentration of the samples was measured using a UV-Vis
spectrophotometer (Thermo GENESYS™ 10UV, USA). Prior to each measurement,
the samples with higher protein concentration (5.0 mg/mL) were diluted 10 times by
deionized water and the protein concentration was calculated using the UV
absorbance at 280 nm. Protein content (%) = (measured protein concentration/Initial
protein concentration) x 100.

2.2.3 SDS-PAGE

The integrity of MNEI, Mut3, Mut4 and Mut9 was evaluated using SDS
polyacrylamide gel electrophoresis (PAGE) following the protocol already reported
[93]. Samples of MNEI, Mut3, Mut4 and Mut9 with the concentrations of 0.5
mg/mL and 5.0 mg/mL were prepared at pH 2.5, 5.1 and 6.8 in 0.020 M phosphate
buffers. The samples were incubated for 6 months at 4 °C to simulate fridge storage
temperature and 37 °C for accelerated shelf-life. At different incubation time points,
10 pg aliquot of each protein was withdrawn and loaded on 12% SDS-PAGE. Gels

were stained with Coomassie Brilliant Blue R-250.

2.2.4 Enzymatic Digestion

Enzymatic digestion experiment was performed on MNEI using a standardized static
in vitro method reported in [90]. In this experiment, 4 samples solutions including
oral phase, oral + gastric phase and oral + gastric + intestinal phase and gastric +
intestinal phase were prepared with respect to their physiological conditions such as
presence of digestive enzymes and their concentrations, pH, digestion time periods
and salt concentrations. For enzymatic digestion of MNEI, three fluids i.e. simulated
salivary fluid (SSF), simulated gastric fluid (SGF) and simulated intestinal fluid
(SIF) were used to simulate oral, gastric and intestinal physiological conditions,
respectively. The constituents of the three fluids and their corresponding

concentrations according to the actual human in vivo data are shown in Table 1.
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Simulated oral, gastric and intestinal fluids contain a-amylase, pepsin and pancreatic
enzymes, respectively. For oral phase, MNEI was incubated for 2 minutes in SSF at
pH 7.0, which contains 75 U/mL a-amylase and some electrolytes with their
respected concentrations (Table 1). For gastric phase, the protein was incubated in
SGF at pH 2.0 and physiological temperature (37 °C). After two hours of incubation
(an estimated incubation time of foods in the human gastric organ), the reaction was
stopped by increasing the pH up to 7.0 by adding 1 M NaOH. The SGF contained
pepsin enzyme with a final concentration of 3380 U/mL and some electrolytes
reported in Table 1. For Intestinal phase, MNEI was incubated in the presence of
SIF at pH 7.0 for 2 hours. Simulated intestinal fluid (SIF) contained pancreatic
enzymes (trypsin and chymotrypsin) with the final concentration of 2000 U/mL and
some electrolytes reported at Table 1. After 2 hours of incubation, the reaction was
interrupted by using a protease inhibitor pefabloc with the final concentration of 5
mM. In the case of performing a sequence of digestion systems, the protein was
incubated with the simulated fluids in order with considering the incubation time.
MNEI with the concentration of 1 mg/mL in each phase was included and incubated
for the specified time periods. After incubation, the samples were lyophilized for the

analytical experiments.

Table 1. Electrolytes and their concentrations in Simulated Salivary Fluid (SSF), Simulated
Gastric Fluid (SGF) and Simulated Intestinal Fluid (SIF), based on human in vivo obtained

data.
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SSF SGF SIF
Constituent
Mmol L™ Mmol L™ Mmol L™
K* 18.8 7.8 7.6
Na* 13.6 72.2 1234
cr 19.5 70.2 55.5
H,PO4 3.7 0.9 0.8
HCO;,CO5 2 13.7 25.5 85
Mg2* 0.15 0.1 0.33
NH," 0.12 1.0 -
ca®* 1.5 0.15 0.6

2.2.5 High-Performance Liquid Chromatography (HPLC)

High performance liquid chromatography (HPLC) analysis of MNEI digested by
three digestive systems was performed by an LC-20AD XR HPLC instrument
(SHIMADZU) with a SPD-M20A set. All the samples obtained from oral phase,
oral + gastric phase and oral + gastric + intestinal phase and gastric + intestinal
phase were monitored at the wavelength of 210 nm using photodiode array detector.
For MNEI analysis, a 250 x 4.6 mm C18 column (Pursuit XRs 5 -VARIAN) was
used. Acetonitrile—water solutions consisting of 0.1 % TFA with the gradient
presented at Table 2 were used as the mobile phase. All HPLC trials were run with a
flow rate of 1 mL/min at room temperature. The injection volume was 20 pL of 2.5
mg/mL for all the samples. The running method was designed after performing trial

and error experiments to find a suitable method presented at Table 2.

Table 2. Description of HPLC running method and the gradient used for mobile phase.

52



Chapter 2_Shelf-life and Enzymatic Digestion Studies on MNEI

Time (min) Acetonitrile (%)
0-10 5%
10 - 40 5% to 60%
40 - 50 60% to 95%
50 - 60 95%

2.2.6 Peptide Fragments and Toxicity Predictions

The peptide fragments of MNEI after gastric and intestinal digestive systems were

predicted via Expasy (https://web.expasy.org/peptide_mass/) software described at

[94]. The software’s settings were adjusted to digest the protein with pepsin for
gastric phase and pancreatic enzymes for intestinal phase. Then, the peptide

fragments obtained were analyzed by ToxicPred

(https://webs.iiitd.edu.in/raghava/toxinpred/index.html) to predict their toxicity
through in silico study [95]. The dataset used in this analysis is SwissProt (NOT
KW800 NOT KW20, the keywords 800 and 20 stand for toxin and allergen as

molecular functions)

2.3 Results and Discussion

2.3.1 Shelf-life assessment

The long-term stability and resistance of MNEI, Mut3, Mut4 and Mut9 was assessed
by performing prolonged incubation (up to six months) of the proteins under various
physicochemical conditions. The samples were analyzed by determination of the
total protein loss and the oligomerization tendency using UV-Vis spectroscopy and
SDS-PAGE experiments, respectively. Each protein was incubated at two different
temperatures, 4 °C in order to simulate fridge storage temperature and 37 °C to

simulate accelerated shelf-life conditions. Furthermore, the proteins were incubated

53


https://web.expasy.org/peptide_mass/
https://webs.iiitd.edu.in/raghava/toxinpred/index.html

Chapter 2_Shelf-life and Enzymatic Digestion Studies on MNEI

at different pH values (2.5, 5.1 and 6.8) and protein concentrations (0.5 and 5.0
mg/mL) to evaluate the chemical stability and crowding effect of the proteins upon
long-term incubations, respectively. The results of these experiments are presented
for each single protein.

2.3.1.1 MNEI

According to MNEI results, it is clear that there were no noticeable differences in
terms of protein loss detected by UV-Vis spectroscopy between incubated proteins
at 0.5 mg/mL and 5.0 mg/mL (Fig. 1). However, the data indicated that incubational
temperature had a big impact on the protein stability. On the other hand, the
incubational pH had a limited influence on the stability of MNEI. In fact, MNEI at 4
°C was more resistant under strong acidic conditions rather than mild acidic or
neutral pH, but at 37 °C, it was the least stable at pH 2.5 (Fig. 1). The results
presented in Figure 1 showed that after 2 months of incubation, MNEI at pH 2.5
lost about 15 % of its initial content at 4 °C, while at 37 °C with the same pH, the
amount of protein loss reached 25 %. Upon longer incubation time (6 months),
MNEI lost approximately 60 % percent of its initial amount at accelerated shelf-life
conditions (37 °C), where only 40 % of MNEI was lost when the protein was

incubated at storage temperature (4 °C) (Fig. 1).
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Figure 1. Amount of MNEI remaining in solution upon incubation at different
physicochemical parameters for 6 months. The protein content was calculated from the UV
absorbance at 280 nm. The left graph is MNEI incubated at 0.5 mg/mL protein concentration
and the right one is 5.0 mg/mL protein concentration. The lines and dash-lines are presented

by a color code defined in the insets.

The outcome of SDS-PAGE experiments demonstrated that both integrity and
oligomerization tendency of MNEI at two applied protein concentration (0.5 mg/mL
and 5.0 mg/mL) were quite similar (Fig. 2). According to the SDS-PAGE gels,
MNEI is more resistant at fridge storage temperature (4 °C) rather than accelerated
shelf-life. In fact, MNEI at pH 2.5 incubated at 4 °C lost about 40 % of its initial
content after 6 months incubation, whilst at accelerated shelf-life temperature (37
°C), the protein loss was 60 - 70 % (Fig. 2). Further, MNEI incubated at pH 5.1 and
37 °C formed ~ 5 % of oligomers after 2 and 6 months of incubation (Fig. 2). It is
worth mentioning that the results obtained from UV measurements (Fig. 1) are
highly consistent with the SDS-PAGE data (Fig. 2) in terms of protein resistance in

solution.
[ pH25 | [ pH5.1 | [ pHes | [ pHsa | [ pHes |
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
02>
01> 01—
D—>
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
02>
01> 01>
D—>
Mo - — - e — — E - — -———

Figure 2. SDS gels showing the integrity and oligomerization tendency of MNEI upon 6
months incubation under different physicochemical conditions. The top gels: MNEI at 0.5
mg/mL; bottom gels: MNEI at 5.0 mg/mL. The running numbers on the lanes of each gel

are: 1) reference (MNEI_No incubation), 2) 2 months and 3) 6 months incubation. Each
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presented gel categories are defined in the insets. The arrows indicate the position of the

monomers (M), dimers (D), oligomer 1 (O1) and oligomer 2 (02).

2.3.1.2 Mut3

A prolonged shelf-life experiment was performed on Mut3 as well. The data of UV
measurements showed that protein concentration had a negligible influence on Mut3
resistance in solution (Fig. 3). Mut3 remained mostly soluble with a monomeric
form upon prolonged incubation under all tested conditions. On the other hand,
incubational temperature significantly influenced the integrity of Mut3, since the
protein incubated at 37 °C lost about 20 % more of its content with respect to the
protein incubated at fridge storage temperature (4 °C). In detail, Mut3 at pH 2.5 and
incubational temperature of 4 °C lost about 20 % of its content after 6 months
incubation, while this number increased to 35 % for the protein at the same pH
incubated at 37 °C (Fig. 3). Interesting to mention, Mut3 at the pH range of 2.5 to
6.8 incubated at 4 °C showed a great resistance from 2 to 6 months, where only a
few percentages of the protein’s content was lost. Also, the pH had an impact on the
stability of the protein, indicating that Mut3 is more stable in acidic environment
rather than in neutral (Fig. 3). As a matter of fact, the protein showed a better
resistance at all explored physicochemical conditions with respect to MNEI. As
expected, the introduced point mutations to Mut3 including E23Q, Q28K and C41S
could increase the stability and the resistance of the protein from acidic to neutral
pH.
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Figure 3. Amount of Mut3 remaining

in solution wupon incubation at different

physicochemical parameters for 6 months. The protein content was calculated from the UV
absorbance at 280 nm. The left graph is Mut3 incubated at 0.5 mg/mL protein concentration
and the right one is 5.0 mg/mL protein concentration. The lines and dash-lines are presented
by a color code defined in the insets.

Appealingly, Mut3 demonstrated a great integrity upon long-term incubation (6
months) under all explored physicochemical conditions. Indeed, no aggregates of
any size could be noticed after 2 and 6 months of incubation (Fig. 4), only 1-2 % of
oligomers could be observed for the sample incubated at pH 2.5 and 4 °C after 2
months incubation, however, the oligomers completely disappeared after 6 months
of incubation (Fig. 4). Notably, Mut3 did not form covalent dimers due to the
mutation of the only cysteine residue in the MNETI’s sequence (Cys41) into Serine
[73]. According to the data, the only challenging condition for Mut3 was at pH 6.8
and 37 °C after 6 months of incubation, in which the protein lost about 45 % of its
initial content. Worth mentioning, Mut3 displayed high resistance capability under
strong and mild acidic conditions at incubational temperatures of 4 and 37 °C (Fig.

4). Like MNEI, protein concentration had no influence on the resistance property of
Mut3.
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Figure 4. SDS gels showing the integrity and oligomerization tendency of Mut3 upon 6
months incubation under different physicochemical conditions. The top gels: Mut3 at 0.5
mg/mL; bottom gels: Mut3 at 5.0 mg/mL. The running numbers on the lanes of each gel are:
1) reference (Mut3_No incubation), 2) 2 months and 3) 6 months incubation. Each presented
gel categories are defined in the insets. The arrows indicate the position of the monomers
(M) and oligomer 1 (O1).

2.3.1.3 Mut4

The shelf-life data of Mut4 illustrated that the least parameter influenced the
resistant of Mut4 was protein concentration, whereas pH and temperature
considerably affected the protein stability (Fig. 5). The results of total protein loss
presented in Figure 5 demonstrated that Mut4 is more stable in slightly acidic
environments at both temperatures (4 and 37 °C), where the protein preserved about
80 % of its initial content after 2 months of incubation, while this number decreased
to 70 % for neutral pH (Fig. 5). Upon longer incubation time, the protein loss
continued to reach 60 - 70 % of its initial protein content under neutral condition at
37 °C (Fig. 5). Mut4 was less resistant than Mut3 at all explored experimental

conditions.
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Figure 5. Amount of Mut4 remaining in solution upon incubation at different
physicochemical parameters for 6 months. The protein content was calculated from the UV
absorbance at 280 nm. The left graph is Mut4 incubated at 0.5 mg/mL protein concentration
and the right one is 5.0 mg/mL protein concentration. The lines and dash-lines are presented
by a color code defined in the insets.

The data collected from the UV measurements were confirmed by SDS gels (Fig. 6).
Indeed, there were no mentionable differences in terms of resistance or
oligomerization trend between the tested protein concentrations (0.5 mg/mL and 5.0
mg/mL). On the other hand, the incubational temperature had a large impact on the
resistance and the oligomerization tendency of Mut4. In fact, the accelerated shelf-
life temperature (37 °C) led to the maximum protein loss at pH 2.5 and 6.8, reaching
to over 70 % (Fig. 6). Moreover, the protein incubated at 4 °C formed multi-sized
soluble SDS resistant oligomers after 2 and 6 months of incubation (Fig. 6). Worth
mentioning, the oligomerization tendency of Mut3 was mostly suppressed due to the
point mutation of C41S, which prevented covalent dimerization (Fig. 4), whereas,
the oligomerization propensity of Mut4 was very high due to the presence of
cysteine residue at the position of 41.
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Figure 6. SDS gels showing the integrity and oligomerization tendency of Mut4 upon 6
months incubation under different physicochemical conditions. The top gels: Mut4 at 0.5
mg/mL; bottom gels: Mut4 at 5.0 mg/mL. The running numbers on the lanes of each gel are:
1) reference (Mut4_No incubation), 2) 2 months and 3) 6 months incubation. Each presented
gel categories are defined in the insets. The arrows indicate the position of the monomers
(M), dimers (D) and Multi Oligomers (MO).

2.3.1.4 Mut9

The long-term resistant of Mut9 was also monitored by running a prolonged
incubation (up to six months). Mut9 displayed a wonderful stability in all tested
physicochemical conditions. In fact, the results demonstrated that Mut9 is the most
resistant protein among the tested sweet proteins. Based on the UV data, about 80 %
of the protein at strong and slightly acidic conditions was maintained over 6 months
of incubation at both incubational temperatures (4 °C and 37 °C) (Fig. 7). Only 30
% of Mut9 content was lost at neutral pH after incubation for 24 weeks at 4 °C and
37 °C. Interestingly, this protein under almost all experimental conditions did not
lose any mentionable amount of protein from 2 to 6 months incubation, except at pH
6.8 that led to 10 % more protein loss. It is worth mentioning that protein

concentration had a minor influence on the stability of Mut9 (Fig. 7).
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Figure 7. Amount of Mut9 remaining in solution upon incubation at different
physicochemical parameters for 6 months. The protein content was calculated from the UV
absorbance at 280 nm. The left graph is Mut9 incubated at 0.5 mg/mL protein concentration
and the right one is 5.0 mg/mL protein concentration. The lines and dash-lines are presented
by a color code defined in the insets.

SDS-PAGE was also applied to screen the integrity and oligomerization propensity of
Mut9 (Fig. 8). Consistent with the UV results, protein concentration had negligible
effect on the protein integrity or oligomerization process of Mut9. The data clearly
indicated that upon prolonged incubation, Mut9 was very resistant at all explored
physicochemical conditions. These results were expected because Mut9 was designed
to elevate the stability of MNEI, in particular the chemical stability (Fig. 8). The
protein remained soluble with a monomeric form within 6 months incubation under all
experimental conditions. Mut9 incubated at fridge storage temperature (4 °C) prompted
2-3 % Mut9 oligomeric forms at acidic and neutral pH after 2 months incubation, but
the oligomers disappeared after that (Fig. 8). Worth to mention, Mut9 showed very low
dimerization tendency, diversely from MNEI that is prone to dimerize through disulfide
bonds of cysteine amino acid residues [58]. In the case of Mut9, the cysteine residue in
MNETI’s sequence position 41 was mutated into alanine. Surprisingly, a faint band of

dimer could be noticed with the sample incubated at pH 6.8 and 37 °C for 6 months,
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however, it is not cysteine-correlated dimers; instead, they might be dimers formed

from other oligomerization processes.
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Figure 8. SDS gels showing the integrity and oligomerization tendency of Mut9 upon 6
months incubation under different physicochemical conditions. The top gels: Mut9 at 0.5
mg/mL; bottom gels: Mut9 at 5.0 mg/mL. The running numbers on the lanes of each gel are:
1) reference (Mut9_No incubation), 2) 2 months and 3) 6 months incubation. Each presented
gel categories are defined in the insets. The arrows indicate the position of the monomers
(M), dimers (D), oligomer 1 (O1) and oligomer 2 (O2).

2.3.2 Enzymatic Digestion of MNEI

Enzymatic degradation of MNEI was performed using in vitro standard protocol
reported in [90]. In this experiment, we simulated the in vivo digestive systems
using three fluids: simulated salivary fluid (SSF), simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF), containing digestive enzymes and salt compositions
with their corresponding concentrations, pH and respecting the approximate
digestion time. Enzymatic digestion of MNEI was carried out by running different
digestive systems, i.e. oral, oral + gastric, oral + gastric + intestinal and gastric +
intestinal phase. Then, the samples were analyzed by HPLC to understand the
digestibility of MNEI after running digestion systems. The HPLC chromatograms

are shown by a spectrum at 210 nm presenting the absorption of dipeptide bonds.

62




Chapter 2_Shelf-life and Enzymatic Digestion Studies on MNEI

First of all, we obtained a protein reference chromatogram by loading freshly
dissolved and pretreated MNEI on the C18 column. In this experiment, 20 pL of 2.5
mg/mL MNEI (50 pg) was injected to clearly detect the retention time of the
reference protein. The data obtained from HPLC chromatogram showed that MNEI
eluted at a retention time of 32.56 minutes, which is at about 41.3 % of acetonitrile +
0.1 % of TFA (Fig. 9).

3000 -
32.56

—— Absorbance at 210 nm
2500 A

2000 -

1500 A

Intensity (mAU)

1000 A

B

0 L) Ll Ll

15 20 25 30 35 40
Retention Time (min)

Figure 9. HPLC chromatogram of 50 pg MNEI in 5 mM HCI. The loaded protein volume
was 20 pL of 2.5 mg/mL MNEI on C18 column. The chromatogram includes a spectrum at

210 nm showing the absorption of dipeptide bonds. The HPLC spectra were taken at 25 °C.

The enzymatic degradation study of MNEI began with the oral phase, which is the
first digestive system in foods and beverages digestion processes. The HPLC data
collected after running the oral phase on MNEI clearly evidenced that the protein
remained fully intact. This result was totally expected since the SSF included only
a-amylase, which serves to digest carbohydrate species not proteins. In this
chromatogram (Fig. 10), the buffer spectrum (SSF without addition of the protein)
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was also presented in red line for control purposes. A peak at a retention time of
33.6 minutes corresponds to a-amylase (Fig. 10_red line).
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Figure 10. HPLC chromatogram of MNEI after running the oral phase. A volume of 20 pL
was loaded on C18 column. The chromatogram showing the spectra of protein sample (blue
line) and the control (red line) at 210 nm. The HPLC spectra were taken at 25 °C.

We carried on the enzymatic degradation study by simulating oral and gastric phase
in a sequence to monitor digestion procedure of MNEI. The HPLC chromatogram
indicated that MNEI after oral and gastric phase was completely digested into many
peptide fragments (Fig. 11). The identification study of the peptide fragments by
MALDI-TOF MS is in progress.
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Figure 11. HPLC chromatogram of MNEI after running oral and gastric phase. A volume of
20 pL was loaded on C18 column. The chromatogram showing the spectra of protein sample
(blue line) and the control (red line) at 210 nm. The HPLC spectra were taken at 25 °C.

The identification analysis of peptide fragments obtained from MNEI after oral and
gastric phase was performed via running in silico study using Expasy software.
After the gastric phase, in which the protein was digested by pepsin, a group of
peptide fragments with the size ranging from 2 to 18 amino acid residues were
predicted (Table 3). To examine the potential toxicity of these peptides, another in
silico analysis was carried out via ToxinPred software using SwissProt dataset (toxin
and allergen). The results showed that all of the obtained peptide fragments after
MNEI digestion by pepsin were non-toxic (Table 3). In the Table 3, other
information such as hydrophobicity, hydrophilicity, charge, pl and average mass of

the peptide fragments are included as well.

Table 3. Peptide fragments of MNEI after running oral and gastric systems and their in silico
toxicity tests. More data of the peptide fragments: hydrophobicity, hydrophilicity, charge, pH
and average mass are presented.
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Peptide Sequence Prediction Hydrophobicity Hydrophilicity Charge pl Mass
NKVIRPCMKKTIYENEGF Non-Toxin -0.26 0.32 2.00 9.17 2170.84
RADISEDYKTRGRKL Non-Toxin  -0.55 1.17 2.00 9.71 1808.23
AVDEENKIGQYGRL Non-Toxin -0.27 0.54 -1.00 4.68 1591.95
REIKGYEYQL Non-Toxin -0.33 0.40 0.00 6.49 129861
GEWEIIDIGPF Non-Toxin  0.13 -0.21 -3.00 3.58 1275.59
YVYASDKL Non-Toxin  -0.09 -0.26 0.00 6.18 958.18
NGPVPPP Non-Toxin  -0.03 -0.19 0.00 5.88 676.86
TQNL Non-Toxin -0.24 -0.45 0.00 5.88  474.57
GKF Non-Toxin  -0.11 0.17 1.00 9.11 350.45
RF Non-Toxin  -0.57 0.25 1.00 10.11 321.39
TF Non-Toxin  0.21 -1.45 0.00 5.88 266.31

Enzymatic digestion study was completed by simulating the entire human in vivo
digestion procedure using a sequence of digestive systems including oral phase,
gastric phase and intestinal phase. The outcome of HPLC analysis clearly indicated
that the protein was totally degraded after running oral, gastric and intestinal phase
(Fig.12). Obviously, pancreatic enzymes (trypsin and chymotrypsin) are responsible

for cutting the peptide fragments into very small pieces.
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Figure 12. HPLC chromatogram of MNEI after performing the entire digestive system: oral.
gastric phase and intestinal phase. A volume of 20 pL was loaded on C18 column. The
chromatogram showing the spectra of protein sample (blue line) and the control (red line) at
210 nm. The HPLC spectra were taken at 25 °C.

After performing the entire enzymatic degradation process on MNEI, we predicted
the formed peptide fragments through running in silico study via Expasy software.
After incubating the protein with pepsin and pancreatic enzymes, many peptide
pieces with the size starting from 2 to 13 were predicted (Table 4). Again, the
toxicity of these peptides were assessed by ToxinPred software using SwissProt data
set (toxin and allergen), and the results demonstrated that all of the formed peptides
were free of toxicity (Table 4). Other information of the formed peptides such as
hydrophobicity, hydrophilicity and etc. are included in Table 4.

Table 4. Peptide fragments of MNEI after running oral, gastric and intestinal systems and
their in silico toxicity tests. More data of the peptide fragments: hydrophobicity,

hydrophilicity, charge, pH and average mass are presented.
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Peptide Sequence

AVDEENKIGQYGR
AVDEENKIGQY
AVDEENKIGQY
GEWEIIDIGPF
VIRPCMKKTIY
NKVIRPCMIKK
ADISEDYKTR
KTIYENEGF
NKVIRPCMK
RADISEDYK
VIRPCMKK
TIYENEGF
VIRPCMK
RADISEDY
ADISEDYK
EIIDIGPF
IGQYGRL
AVDEENK
ADISEDY
EIKGYEY
YVYASDK
VYASDKL
NGPVPPP
IGQYGR
VYASDK
GYEYQL
REIKGY
KTRGR
TRGRK
ENEGF
EIKGY

ASDKL

TRGR

GRKL

KTIY

EvaL

REIK

GYEY

IGQy

ASDK

TaNL

KTR

GRK

TIY

GEW

GRL

EIK

YVy

GKF

RF

TF

Prediction

Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin
Non-Toxin

Hydrophobicity

-0.33
-0.24
-0.24
0.13

-0.17
-0.42
-0.44
-0.18
-0.34
-0.46
-0.31
-0.07
-0.19
-0.38
-0.30
0.19

-0.12
-0.42
-0.19
-0.20
-0.18
-0.11
-0.03
-0.23
-0.21
-0.10
-0.43
-0.93
-0.93
-0.22
-0.16
-0.26
-0.89
-0.54
-0.13
-0.19
-0.69
-0.10
0.06

-0.46
-0.24
-1.01
-0.90
0.19

-0.03
-0.36
-0.33
0.19

-0.11
-0.57
0.21
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Hydrophilicity

0.72
0.57
0.57
-0.21
-0.10
0.66
1.03
0.24
0.40
1.19
0.43
-0.10
0.06
0.96
0.96
-0.24
-0.39
1.46
0.67
0.37
-0.04
0.03
-0.19
-0.15
0.33
-0.53
0.82
1.72
1.72
0.74
0.38
0.80
1.40
1.05
-0.37
-0.22
1.80
-0.40
-0.97
1.45
-0.45
1.87
2.00
-1.50
-0.13
0.40
1.40
-2.03
0.17
0.25
-1.45

Charge

-1.00
-2.00
-2.00
-3.00
3.00
4.00
-1.00
-1.00
3.00
-1.00
3.00
-2.00
2.00
-2.00
-2.00
-2.00
1.00
-2.00
-3.00
-1.00
0.00
0.00
0.00
1.00
0.00
-1.00
1.00
3.00
3.00
-2.00
0.00
0.00
2.00
2.00
1.00
-1.00
1.00
-1.00
0.00
0.00
0.00
2.00
2.00
0.00
-1.00
1.00
0.00
0.00
1.00
1.00
0.00

p

4.68
4.14
4.14
3.58
9.80
10.33
4.56
4.54
10.07
4.56
10.07
3.80
9.55
4.03
4.03
3.67
9.10
4.14
3.50
4.54
6.18
6.18
5.88
9.10
6.18
4.00
8.93
12.01
12.01
3.80
6.35
6.19
12.01
11.01
8.94
4.00
9.10
4.00
5.88
6.19
5.88
11.01
11.01
5.88
4.00
10.11
6.35
5.87
9.11
10.11
5.88

Mass

1478.77
1265.50
1265.50
1275.59
1351.89
1216.71
1197.39
1100.32
1088.52
1096.27
974.40
972.13
846.21
968.08
940.07
903.16
806.04
803.91
811.88
901.08
845.00
794.99
676.86
692.86
681.81
771.91
764.96
616.78
616.78
594.64
608.76
532.65
488.59
472.64
523.68
551.65
544.70
530.58
479.59
419.47
474.57
403.51
359.46
395.49
390.43
344.45
388.50
443.53
350.45
321.39
266.31
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In another trial, we performed an enzymatic digestion experiment on MNEI through
running gastric and intestinal systems, i.e. without the oral phase, as in drinks this
can be really fast. After analyzing the sample by HPLC, the results indicated that the
whole protein was completely degraded into very small pieces (Fig. 13), very
similar to the chromatogram obtained after running the whole human digestive
systems including the oral phase (Fig. 12). Thus as shown in Figure 10 and 13, oral

phase had no influence on the protein digestion process.
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Figure 13. HPLC chromatogram of MNEI after performing gastric phase and intestinal
phase. A volume of 20 pL was loaded on C18 column. The chromatogram showing the
spectra of protein sample (blue line) and the control (red line) at 210 nm. The HPLC spectra

were taken at 25 °C.
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2.4 Conclusions

MNEI is a well-characterized sweet protein; however, it is still suffering from lack
of some necessary data such as shelf-life and physiological effects. To look closely
on these aspects, we performed a prolonged shelf-life study on MNEI and three of
its mutants i.e. Mut3 (the sweetest protein) [73], Mut4 (more stable protein than
MNEI) [50] and Mut9 (super stable protein) [54]. In addition, we carried out an
enzymatic degradation experiment on MNEI via simulating a physiological
digestion system i.e. oral, gastric and intestinal. The outcome of shelf-life study
showed that incubational temperature had a big impact on the resistance and
oligomerization propensity of the tested sweet proteins. In fact, the proteins were
more stable at fridge storage temperature (4 °C) rather than accelerate shelf-life
temperature (37 °C). Moreover, the pH of incubated solutions had a limited effect on
the resistance and oligomerization tendency of the proteins, where the proteins
showed a better resistant in acidic environments. On the other hand, protein
concentration was almost ineffective on the resistance and integrity of the proteins in
solutions. Among the explored sweet proteins, Mut9 and Mut3 presented a great
performance in terms of resistance and oligomerization propensity, although Mut9

was even stronger than Mut3, in particular at pH 2.5 and 6.8.

We also carried out an enzymatic digestion study on MNEI via simulating the
human in vivo digestive systems through incubation of the protein in the presence of
SSF, SGF and SIF that represent the simulated fluids of oral phase, gastric phase and
intestinal phase, respectively. Then, the samples obtained after each digestion step
were analyzed by HPLC. The HPLC chromatogram of the protein after performing
the oral phase showed that the protein remained completely intact (Fig. 10).
However, MNEI was thoroughly digested into very small pieces of peptide after
gastric and pancreatic enzymes treatment (Fig. 12). The formed fragments will be
identified by MALDI-TOF MS. The peptides were predicted and tested for potential

toxicity in silico using Expasy and ToxicPred softwares, respectively. In fact, all the
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peptide fragments obtained from MNEI digestion by gastric phase were non-toxic
(Table 3). Also, the peptide pieces formed from gastric and intestinal phase were
predicted and their toxicity was evaluated. Again, the data illustrated that all of the
produced peptides were free of any toxicity (Table 4).
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Thaumatin, a Sweet Protein, in Actual Food and

Beverage products

Abstract

Thaumatin is a plant-based sweet protein isolated from Katemfe fruit, found in
rainforests of West African countries. It is a high-intensity natural sweetener, rated
about 3000 times sweeter than sucrose on weight basis. Thaumatin is highly soluble
in water and aqueous alcohol reaching to 600 mg/mL. It is also heat and pH-stable
with a great synergistic effect upon mixture with other low-calorie sweeteners. Up to
this date, Thaumatin is the only sweet protein recognized as Generally Recognized
As Safe (GRAS) by the FDA. These characteristics made Thaumatin a promising
candidate for a wide range of edible products. For this aim, we included Thaumatin
in the recipes of tomato ketchup and strawberry cordial followed by evaluation of
sensory analysis and rheological properties. The outcome indicated that Thaumatin
lost its functionality in tomato ketchup; instead sourness and bitterness were more
revealed by the absence of sweetness. These results suggest that there are some food
ingredients, i.e. salt, that could cancel the sweetness of Thaumatin. However,
cordials prepared with Thaumatin tasted sweet. Worth mentioning, the cordial’s
sweetness quality was consistent with Thaumatin’s sweetness profile itself, which is
characterized by a delay in sweetness and liquorice aftertaste. As expected, sucrose
played a vital role in rheological properties. Indeed, the viscosity, thickness and
consistency were altered in both products after sucrose reduction, although these
properties can be modified by addition of some food ingredients, i.e. bulky agents.
Considering the data obtained, we believe this work open the way to solve the
drawbacks in view of possible Thaumatin’s applications in food and beverage

industries.
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3.1 Introduction

Thaumatin is one of the six sweet and sweet taste-modifying proteins with very high
sweetness intensity, rated 3000 times sweeter than sucrose on weight basis. It is a
plant-based sweet protein extracted from the arils of Thaumatococcus danielli,
found in the West African countries [9,40]. The sweetness threshold of Thaumatin is
~ 45 nM, suggesting a very strong affinity towards the sweet taste receptor [41,42].
The complex of Thaumatin-receptor is stabilized by electrostatic interactions
between positive charge distribution on the external surface of the protein and the
complementary negative charges located on the external cleft of the receptor
[43,44]. As a matter of fact, some basic amino acids located on the protein’s outer
surface such as Lys49, Lys67, Lys106, Lys163, Arg76, Arg79 and Arg82 have been
identified to be responsible for the sweetness preservation of Thaumatin [69]. The
sweetness of Thaumatin in the oral cavity is characterized by late insurgence and
persistence up to 30 minutes after taste stimulus. In addition, Thaumatin can exhibit
an undesirable liquorice aftertaste [9], which is likely due to the interactions with
bitter taste receptors (T2Rs) [96,97].

Thaumatin is composed of 5 a-helices, 13 B-pleated strands and several bends [45].
Structural studies on purified Thaumatin showed that there are six closely related
forms of Thaumatin with a molecular weight of ~ 22 kDa, including two major
components (Thaumatin | and I1) and four minor components (Thaumatin 11, a, b
and c). The differences in these six variants are net charge variations and sweetness
potency with the following order: III > 11 >1>a > b > ¢ [9]. Thaumatin | and Il are
the most abundant forms that possess similar structural and functional properties
such as amino acid composition, molecular weight, high similarity in amino acid
sequences and sweetness. Each one of these two forms of Thaumatin is composed of
a single polypeptide chain with 207 amino acid residues, differing by only five
amino acids from each other. Thaumatin I and Il contain 16 cysteine amino acids in

their primary structures, which are oxidized to form 8 intermolecular disulfide bonds
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[46]. Further studies on the physicochemical properties of Thaumatin evidenced that
the protein is very soluble in water, reaching to 600 mg/mL, and thermostable under
acidic conditions, with retained sweetness at 80 °C for several hours [47]. High
thermal stability of Thaumatin is attributed to the existence of eight intramolecular
disulfide bridges [45]. Thaumatin is considered as a safe ingredient to use in food
and beverage applications. In the USA, EU and other countries, Thaumatin has been
available in the markets since the mid-1990s under various trade names i.e. Talin
and San Sweet T-100 as low-calorie sweetener and flavor modifier. In the USA,
Thaumatin was granted Generally Recognized As Safe (GRAS) status by FEMA
(GRASa No. 3732 [48] and GRASa No. 3814 [49]) as a flavor modifier. In Europe,
it is approved as a Sweetener or as a flavor enhancer under EFSA (E 957) for
different edible products. In the EU and Japan, the acceptable daily intake limit
(ADI) for Thaumatin as a sweetener is "not specified" since the protein is considered
non-toxic. However, according to the collected data from preclinical safety studies
and human clinical exposure, the preferred maximum level of Thaumatin intake is
1.1 mg/kg-day, which is also recognized by the EU as a highly safe level for all
consumers [98]. Thaumatin has already been used in chewing gum, dietary products,

some specific drinks and pharmaceuticals.

SteVia rebaudiana (Bertoni) is a shrub of the Asteraceae family that is initially
discovered in Paraguay and Brazil. Nowadays, stevia is planted in many regions
across Asia, Europe and Canada. Stevia leaves include various diterpene glycosides
such as stevioside, rebaudiosides A-F, Steviolbioside and dulcoside A. All of these
extracted compositions from stevia leaves elicit a sweet sensation in humans.
Rebaudioside A (Reb A) is one of the most abundant constituents of stevia, where 1
% of rebaudioside A was extracted. Stevia Reb A is very sweet being up to 250
times sweeter than sucrose on the weight basis [99]. Stevia rebaudioside M (Reb M),
however, is a minor Steviol glycoside that is more potent with very low licorice or
bitterness aftertastes; it is sweeter than other Steviol glycosides by several folds

[100,101]. Steviol glycosides received a letter of no objection concerning their
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GRAS status from FDA [102]. Sucralose, a synthetic trichlorinated disaccharide
[103], is a nonnutritive sweetener that has grabbed a particular interest from food
manufacturers. Some sensory studies reported that the sweetness profile of sucralose
is clean of any bitterness aftertaste [104-106]. Sucralose is very sweet rated
approximately 650-fold sweeter than sucrose, on weight basis [107-109]. Moreover,
it has a relatively high stability at high temperature (up to 125 °C), therefore it can
be used in any food and beverage productions processes [110,111]. Sucralose was
approved for all categories of foods and beverages in the United States of America

and European Union [112].

Very recently, the prevalence of some hazardous sucrose-correlated diseases raised
much more concerns about sucrose consumption, and accordingly the efforts of
seeking for healthier replacements of ordinary sweeteners have been widely
escalated. In light of this, the idea of using natural sweeteners like sweet proteins
attracted the spotlights to substitute table sucrose in food and beverage products [1-
3]. Keeping in mind, the experience of using artificial sweeteners instead of sucrose
was not very successful due to their association with various dangerous diseases
[4,5,7]. In this work, we collaborated with the Kraft-Heinz Company (Heinz
Innovation Center, Nijmegen, Netherlands), to investigate the effect of using sweet
proteins in two of the company’s iconic products, tomato ketchup and strawberry
cordial, since the company is the biggest producer of tomato ketchup in the world
and they are very keen to eliminate sucrose from this product, while the cordial is
characterized by a very different texture and formulation complexity. This selection
allowed us to study the protein’s effects mainly on sensory analysis in the case of
the liquid cordial, and on the sensory analysis and rheological properties of a non-
Newtonian fluid preparation, in the case of tomato ketchup. Noteworthy, although
Thaumatin is benefitted with some great properties i.e. intense sweetness, high
stability, thermal resistance and high solubility, however, it suffers from some
drawbacks, among which is its taste quality, characterized by a very late insurgence

of sweetness with liquorice aftertaste. Nevertheless, the main reason to select
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Thaumatin for this project is the approval licenses from FDA and EFSA, which
allowed the sensory analysis teams of the Kraft Heinz Company to perform different

analysis safely.

3.2 Materials and Methods
3.2.1 Flash Profiling

Flash profiling technique was performed on tomato ketchup samples to evaluate
their taste quality and the intensity of the tasted attributes. A team of 7 panelists
participated in this sensory analysis. Panelists generated their own list of attributes
including sweetness, bitterness, salivating, odor, acidity, thickness, viscosity and
overall flavor. We prepared 4 tomato ketchup samples with various sweeteners
including TK-NAS (Tomato Ketchup Not Added sucrose) and 3 others containing
stevia Reb A, stevia Reb M and Thaumatin with the concentrations of 800 + 25
ppm, 650 £ 20 ppm and 300 + 10 ppm, respectively. Of note, TK-NAS is a
commercial Kraft Heinz Company’s product that includes sucralose as sweetening
agent instead of sucrose; therefore, we are obliged to keep its concentration enclosed
due to the mutual confidential agreement between the University of Naples Federico
Il and the Kraft Heinz Company. TK-NAS was labeled by 000 to be recognized as a
reference and the other tomato ketchups were labeled by three-digit codes to keep
their identity anonymous to the tasters. Panelist received 3 cups of tomato ketchup
per code (each includes 40 g) to taste and compare the attributes to the reference
product. During the tasting, the panelists only considered the discriminant attributes
and ranked the differences between the reference and the samples for each attribute.
Prior to sensory analysis, the samples were incubated at room temperature (25.0 +
1.0 °C) at least for 1 hour. The time duration of this experiment was 2 hours.
Duplication of each measurement was performed and the data were analyzed in a

comparative way.
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3.2.2 Rheology

Rheological properties of tomato ketchup samples were measured using Malvern
Kinexus Rheometer (model KNX2100, USA). The experiments were performed
under 4 bar compressed air supplied to the rheometer by air motor supplier. To
measure the viscoelastic region of tomato ketchups, a medium size spindle (40 mm
diameter) was used. All operations and the settings of the experiments were
controlled by rSpace software (Malvern Panalytical). To run each measurement,
rheometer was calibrated by performing a zero gap test followed by loading 5 g of
tomato ketchup on the sample holder. The data were collected from rSpace software
and analyzed by Microsoft Excel. Each experiment was repeated twice and the

averaged data are presented.

3.2.3 Consistency

The consistency of tomato ketchup samples was determined using the Kraft Heinz
Company’s designed consistometer. For every measurement, 300 mL of tomato
ketchup sample was prepared. The products were preserved at room temperature
(25.0 £ 1.0 °C) to prevent any temperature-linked errors. Prior to each measurement,
the samples were homogenized by careful stirring to avoid any air bubble formation.
A cylinder was loaded with tomato ketchup using a spatula to reach the labeled sign.
Then, the cylinder was unloaded into a trough and the flow distance of the sample in
the trough was measured in 5 seconds. The sample flow distance is shown by
centimeter (cm). The presented results are the average of two independent

measurements.

3.2.4 Temporal Dominance of Sensations (TDS)

The dominant taste attributes such as sweetness, sourness, bitterness, artificial

sweetener and liquorice taste of different strawberry cordials as function of time
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were evaluated by Temporal Dominance of Sensations (TDS) technique. A group of
7 panelists participated in this sensory assessment. Pre-tasting sessions were
performed to select 5-10 relevant taste sensations. We prepared a reference
strawberry cordial including sucrose and other four strawberry cordials containing
diverse sweeteners such as 2500 + 40 ppm stevia Reb A, 2000 + 40 ppm stevia Reb
M, 1000 + 30 ppm sucralose and 500 + 20 ppm Thaumatin. The concentrations of
sweeteners were calculated in a way to obtain strawberry cordials with sweetness
intensity as close as possible to the reference sample. A volume of 40 mL per
sample was prepared to perform TDS. Upon the cordials intake, panelists started
describing the sequence of the perceived dominant sensations until they no longer
tasted any dominant attributes. TDS was performed on the samples preserved for 1
hour at room temperature (25.0 £ 1.0 °C) before tasting. The presented data are

collected from three independent experiments and averaged for each sample.

3.2.5 Time Intensity of Sweetness (TIS)

The sweetness attribute of the strawberry cordials was evaluated as a function of
time by a sensory technique called time intensity of sweetness. Seven panelists
participated in the evaluation of sweetness intensity of strawberry cordials over 20
seconds. For each tasting, 40 mL of strawberry cordial was prepared in a tester cup.
The initial sweetness intensity of each strawberry cordial was assessed out of 100 %
sweetness perception of each taster. All the samples were kept at room temperature
1 hour prior to the sensory analysis. The results of each taster were collected from

three independent trials and the averaged data are presented.

3.3 Results and Discussion

3.3.1 Tomato Ketchup
3.3.1.1 Flash Profiling
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Flash profiling is a widely used descriptive method to characterize the nature and
quantify the intensity of sensory properties of food and beverage products [113].
This technique provides very quick and precise sensory assessments on edible
products. Perception is a dynamic process with a series of events, in which the
intensity and durability of sweetness, bitterness, sourness and overall flavor in
various food products are measured [114]. Flash profiling method was selected to
describe the sensory attributes of 4 tomato ketchup products: TK-NAS (Tomato
Ketchup Not Added Sucrose), which contains sucralose and was used as a reference
and 3 other tomato ketchup products prepared with stevia Reb A, stevia Reb M and
Thaumatin. The reason for selection TK-NAS as a reference product was to compare
tomato ketchup containing a sweetening agent with delayed sweetness to other 3
samples including sweeteners known for their persistent sweetness. In the sensory
map (Fig. 1), samples closer to the right and left sides of the map are stronger in the
attributes loaded on the right and left sides of the graph. This discipline also
corresponds to the samples located on the top and bottom sides of the sensory map
(Fig. 1). According to the obtained results, TK-NAS was the sweetest, most fruity
and spicy in comparison to the rest of the samples. Tomato ketchups prepared with
stevia Reb A and stevia Reb M showed similar sensory properties. They were less
sweet than the reference with a very strong liquorice aftertaste. On the other hand,
the sample containing Thaumatin was poorly sweet; instead, it was more bitter, sour
and salty with metallic aftertaste (Fig. 1). These attributes are not due to the
Thaumatin presence, but bitterness and sourness are coming from other tomato
ketchup’s ingredients i.e. vinegar and perceived with higher intensity in the absence

of sweetness sensation.
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Figure 1. A sensory map presenting the sensory properties of 4 tomato ketchup products:
blue) TK-NAS (reference) and tomato ketchups prepared with green) stevia Reb A, red)
stevia Reb M and orange) Thaumatin. TK-NAS: Tomato Ketchup Not Added sucrose.

3.3.1.2 Linear Viscoelastic Region

In the past a few decades, the science of rheology attracted much attention in the
fields of food acceptability, food processing and food handling [115]. As a matter of
fact, semi-liquid foods are complex materials in terms of structure and rheology;
therefore, measurement of rheological properties is a challenging process. The
reason is that semi-liquid foods are mostly prepared from mixtures of solid and fluid
structural components. In this regard, rheology gives insights on the flow and
deformation of semi-fluid food products and most importantly, it monitors their
behavior in the transient area between solid and liquid states. Rheology data can be
also exploited to provide a relationship between the shear stress induced to semi-

fluid foods and the resulting deformation and/or flow [116]. Linear viscoelasticity is
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one of the rheological properties that is greatly important for obtaining information
on the unperturbed state of food products and characterize their microstructures. In
addition, the knowledge of the linear viscoelastic region gives the ability to predict
the viscos flow upon the development of suitable non-linear viscoelasticity models
[117]. Herein, we measured the linear viscoelastic regions of 5 tomato ketchup
products: TK-Ref (Tomato Ketchup-Reference) and other 4 tomato ketchups
sweetened by 50 % sucrose, full Thaumatin, 50 % sucrose + 50 % Thaumatin and
without any sweeteners (negative control) using rheometer. The rheogram (Fig. 2) is
presented with storage modulus value as a function of the shear strain percentage.
According to the results, TK-Ref is the thickest sample among all the samples as it
has the highest storage modulus value (Fig. 2). Tomato ketchups containing 50 %
sucrose + 50 % Thaumatin, 50 % sucrose, full Thaumatin and the negative control
follow the TK-Reference in terms of thickness from the highest to the lowest,
respectively. Further, the graph indicated that the viscoelastic regions of the tomato
ketchup including Thaumatin and the negative control were more linear than the rest
of the samples. The reason is that these two samples have less storage modulus
value differences between solid and liquid states than the other 3 tomato ketchup
products (Fig. 2). According to these data, it is quite clear that sucrose had a big
impact on the thickness of the products.
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Figure 2. Rheogram presenting the linear viscoelastic regions of TK-Ref (blue line), tomato
ketchup containing 50 % sucrose (green line), full Thaumatin (yellow line), 50 % sucrose +
50 % Thaumatin (red line) and without sucrose or Thaumatin — negative control (gray line).
The rheogram is shown with storage modulus G’ (Pa) as a function of shear strain Y*(%).

TK-Ref: Tomato Ketchup-Reference.

3.3.1.3 Consistency

Consistency of foods and thickened liquids is another rheological property that is
involved in swallowing impairment [118,119]. It is related to non-Newtonian or
semi-liquid fluids i.e. sauces, purees and pastes that include soluble and insoluble
molecules. Consistency can be measured by flowing the product on a flat surface as
a function of time (s) [120]. Observations of the flowing the same tomato ketchup
samples in 5 seconds within the trough of the consistometer (designed by Kraft
Heinz Company) were measured to quantify their consistency (Fig. 3). The
reference tomato ketchup resulted in a consistency of 12.2 cm, which is in a good
agreement to the standard tomato ketchup consistency range (11.5 — 12.5 cm).

Surprisingly, tomato ketchup sweetened by Thaumatin showed a consistency value
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of 16.7 cm in 5 second, even lower consistency with respect to the negative control.
On the other hand, Thaumatin free products such as tomato ketchup including 50 %
sucrose or without any sweeteners (negative control) showed slightly less

consistency in comparison to the reference product (Fig. 3).

Tomato Ketchup Products

o

2 4 6 8 10 12 14 16 18
Flow Distance (cm)

=== TK-Ref No Sugar nor thaumatin === 50% Sugar Full thaumatin == 50% Sugar + 50%thaumatin

Figure 3. Bar chart presenting the consistency measurement of TK-Ref (blue bar), tomato
ketchup without sucrose or Thaumatin — negative control (gray bar) and tomato ketchups
containing 50 % sucrose (green bar), full Thaumatin (yellow bar) and 50 % sucrose + 50 %

Thaumatin (red bar). TK-Ref: Tomato Ketchup Reference.

3.3.2 Cordial

3.3.2.1 Temporal Dominance of Sensations (TDS)

Temporal dominance of sensations (TDS) is a sensory analysis technique that
provides the opportunity to record a sequence of the dominant sensations among a
list of sensory attributes perceived during tasting of food and beverage products
[121]. It is a descriptive approach that recognizes the dominant sensation at each
specific time after tasting of food and beverage products and the assessment
continues until the end of sensations. Moreover, TDS method determines the

intensity of each dominant attribute by intensity scores [122-125]. This technique



Chapter 3_Industrial Applications of Thaumatin

was selected to evaluate the taste quality of 5 cordials with strawberry flavor
including full sucrose cordial as a reference sample, and 4 other strawberry cordials
prepared with stevia Reb A, stevia Reb M, sucralose and Thaumatin. The TDS
graphs are commonly divided into 3 levels: dominant level, significant level and
chance level, from which only the data shown in dominant and significant levels are
reliable. According to the reference TDS graph (Fig. 4A), sweetness is the dominant
taste in the first 10 seconds followed by sourness that remains the dominant attribute
till the end of sensations. Also, minor bitterness could be observed after 20 seconds
of the sample intake. On the other hand, the strawberry cordial prepared with
Thaumatin showed a completely different behavior (Fig. 4B). Indeed, sourness was
the dominant attribute that perceived after ~ 6 seconds of tasting. Before 2 seconds
of sourness perception, sweetness with lower intensity was tasted followed by
perception of sweetener and liquorice attributes at 14 and 20 seconds, respectively.
In the Figure 4C, a summary of TDS results of all 5 cordial samples is presented
with attributes color-coded attributes during 30 seconds of tasting. The TDS data of
the strawberry cordials prepared with stevia Reb A and stevia Reb M showed a
sweet peak in the beginning followed by sweetener attribute. The main difference
between these two cordials is the sweetness sensation of the cordial including stevia
Reb M that remains the dominant attribute for a longer period of time. In the case of
the sample containing sucralose, the taste is dominated by sweetness attribute only.
To clarify, the sensory team at the Kraft Heinz Company defines the artificial

sweetness as sweetener.
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Figure 4. TDS graphs of A) strawberry cordial full sucrose and B) strawberry cordial
prepared with Thaumatin. C) A table presenting a summary of TDS results of 5 cordial
samples: strawberry cordial full sucrose and cordials with stevia Reb A, stevia Reb M,
sucralose and Thaumatin, during 30 seconds of tasting. Each attribute is presented with a

color coding shown on the right panel. TDS: Temporal Dominance of Sensations.

3.3.2.2 Time-Intensity of Sweetness

Time-intensity (T1) methodology is a commonly used technique to evaluate the
evolution of the attributes intensities over time for any sensory analysis of food and
beverage products. This is a useful approach to study the temporal aspects of the
perception of single or multiple sensory sensations in a product [126,127]. In
addition, the lingering taste perceptions triggered by sweeteners [128], bitter
compounds [129] and trigeminal compounds such as menthol [130] could be
evaluated by Tl methodology [131,132]. This approach was adapted by sensory
team of the Kraft Heinz Company to assess the evolution of sweetness intensity over

20 seconds. Time-intensity of sweetness (TIS) was performed on 5 strawberry
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cordials such as full sucrose cordial as a reference and 4 other strawberry cordials
containing stevia Reb A, stevia Reb M, sucralose and Thaumatin. Based on the
results obtained from TIS graph (Fig. 5), the reference sample experienced the
fastest drop in the sweetness intensity. Strawberry cordials prepared with stevia Reb
A, stevia Reb M and sucralose exhibited a very similar sweetness profile over time
and the sweetness was more persistent compared to the reference cordial. Worth
mentioning, these data are in a good agreement to TDS results (Fig. 4). On the other
hand, the strawberry cordial prepared with Thaumatin presented a totally diverse
behavior. TIS graph indicated that the sweetness intensity of Thaumatin slightly
increased over time (Fig. 5). These observations were expected due to the sweetness
profile of Thaumatin itself, which is defined by development of sweetness over time
and lingering for a while.
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Figure 5. The graph presenting time-intensity of sweetness (TIS) of 5 strawberry cordial
samples. The sweetness intensity of full sucrose cordial (blue line) and strawberry cordials
containing stevia Reb A (green line), stevia Reb M (red line), sucralose (gray line) and

Thaumatin (yellow line) is presented as a function of time (20 seconds).
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3.4 Conclusions

In the recent years, as the research of new low-calorie sweeteners for different food
and beverage applications attracted much attention [18]. Sweet proteins have a great
potential as alternative high intensity sweeteners, however, there are still no
systematic studies on their applications in actual food and beverage products.
Among sweet proteins, Thaumatin is one of the sweetest proteins with very high
thermal stability, suitable for common thermal treatments in food preparations
[41,133,134]. It is also the only approved for human ingestion, therefore it was
selected as representative of the sweet proteins category in this study performed in
the Kraft Heinz Company. Thaumatin shares some common features with the other
sweet protein, MNEI, largely investigated in this thesis. The common features
consist of similar mode of interaction to the sweet taste receptor, TIR2-T1R3, high
thermal stability and late insurgence of sweetness. It is worth a mention, MNEI has
less persistence of sweet taste with much lower intensity of liquorice aftertaste with
respect to Thaumatin [6,7,18]. We used Thaumatin as a sweetener in the standard
recipes of tomato ketchup and strawberry cordial, two of the Kraft Heinz
Company’s iconic products, followed by performing sensory and texture analyses on
the prepared products. According to the sensory analysis data, Thaumatin
completely lost its sweetness in tomato ketchup and the samples perceived more
sour and bitter. These attributes are not due to the Thaumatin itself but they were
more revealed in the absence of sweetness (Fig. 1). Moreover, rheological properties
of the tomato ketchup containing Thaumatin were greatly altered because of sucrose
removal. Indeed, the tomato ketchup was less thick and viscose with respect to the
standard tomato ketchup (Fig. 2). Consistency is another texture property of the
tomato ketchup that was changed by sucrose reduction. In fact, the flow distance of
tomato ketchup prepared with Thaumatin increased by 5 cm with respect to the
standard tomato ketchup, which is another indication of less thickness and viscosity

(Fig. 3). On the other hand, the sensory analysis of the strawberry cordial prepared
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with Thaumatin showed different results. The sweetness of Thaumatin was clearly
perceived in the cordials. Indeed, the sweetness was tasted with the known
sweetness profile of Thaumatin, which is delay in the sweetness with liquorice
aftertaste (Fig. 4 and 5). In this case, the sweetness profile of Thaumatin could be
modified by some strategies such as mixing Thaumatin with other low-calorie
sweeteners such as sucralose to compensate the sweetness delay of Thaumatin. As a
matter of fact, sucrose had a big impact on some rheological properties of both
products including viscosity and elasticity. This is due to the very little amount of
Thaumatin needed to reach to the same sweetness intensity of sugar-based products.
Since Thaumatin has the same sweetness intensity with respect to MNEI [18], thus
most probably the same results will be observed for the products prepared with
MNEI as a sweetener. However, these properties could be easily compromised by
addition of some food additives such as bulky agents. This study requires more time
and attention to investigate different strategies to solve these drawbacks and open

the way for Thaumatin’s applications in food and beverage industries.
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The Effects of lonic Species on the Sweetness Intensity

of Sweet Proteins

Abstract

Naturally occurring sweet proteins are among the best candidates to replace sucrose
and artificial sweeteners in edible products. However, industrial applications of
sweet proteins encounter some hurdles such as uneven sweetness potency in various
commercial waters. In this research work, we used 4 sweet proteins i.e. MNEI,
Mut3, Mut9 and Thaumatin, in 4 commercial waters with different mineral residue
levels to study the effects of different types of waters on the sweetness intensities
and the structure of these sweet proteins. Based on the collected data, all of the
tested sweet proteins showed a similar behavior in terms of sweetness intensity in
various commercial waters. Indeed, more mineral residue amounts resulted in less
sweetness power of sweet proteins. Instead, the sweetness levels of drinking samples
including sucrose, sucralose and aspartame remained almost identical for all types of
waters. The structural analysis of proteins checked by CD and NMR spectroscopies
evidenced that the 3D structure of sweet proteins was preserved in various types of
waters. According to these results, we believe that the decrease in the sweetness
intensity of sweet proteins in waters containing higher amounts of mineral residues
are not due to the protein’s structural changes, but to the presence of ionic
compounds that could hamper the bindings between the sweet proteins and sweet

taste receptors.
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4.1 Introduction

Nowadays, sucrose consumption is one of the most controversial and hot topics in
all over the world and more seriously in the developed countries [135-140]. It is due
to the sucrose’s association with increased risk of obesity [141-143] and some other
factors leading to cardiovascular disease [144], dyslipidemia [145,146], increased
blood pressure [147-149], diabetes [150-152] and non-alcoholic fatty liver disease
[153,154]. Indeed, some attempts have already been made to reduce or substitute
sucrose with natural or artificial sweeteners in food and beverage products.
However, the trials of sucrose’s substitution with artificial sweeteners were not very
successful after many evidences recorded about the severe consequences of
consuming artificial sweeteners [4]. In fact, sucrose reduction/substitution in sweet
foods and beverages is still a challenging matter due to the impact of this food
ingredient on texture and sensory properties including sweetness and thickness.
According to this fact, sucrose reduction might alter the final product’s quality

affecting consumer’s perception [155].

A relatively new class of natural sweeteners is sweet proteins that have been found
in the late 1960s from the berries and seeds of some unrelated tropical plants of
West Africa [7,18]. Due to the intense sweetness and plant origin of sweet proteins,
they are considered a promising group of natural sweeteners that could replace
ordinary sweeteners in the markets [18]. Among sweet proteins, Thaumatin is the
only sweet protein that was approved by FDA and used in some specific edible
products such as chewing gum, dietary products and pharmaceuticals. However, the
applications of sweet proteins as sweeteners in actual food industries did not occur
due to some drawbacks. For instance, in some attempts to prepare home-made
beverages with sweet proteins as sweeteners, we realized that the sweetness intensity
varied upon using various commercial waters. This inconvenience could be resulted
from either protein’s structural changes or disturbance in the protein-receptor

bindings. To understand the circumstances of this ambiguous behavior of this type
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of natural sweeteners, we used 4 well characterized sweet proteins, i.e. MNEI, Mut3,
Mut9 and Thaumatin to prepare drinking samples in 4 commercial waters i.e. HPLC
grade, Sant’Anna, Rocchetta and Lieve, which have different mineral residue
amounts and conductivities. Then, the drinking samples were subjected to sensory
analysis by running blind tasting sessions and structural analysis using CD and
NMR spectroscopies. Also, we prepared sweet drinking samples by sucrose,
sucralose and aspartame in the same commercial waters to control the sweetness

intensity.

4.2 Materials and Methods

4.2.1 Materials

MNEI [34] and two of its mutants such as Mut3 [73] and Mut9 [54] were obtained
in our laboratory, while Thaumatin was ordered from sigma (Sigma-Aldrich, USA).
The commercial sucrose, sucralose and aspartame were purchased from the markets.
Protein concentration was assessed by UV absorbance at 280 nm using a value of
the absorbance at 0.1% of 1.41 for MNEI and Mut9, 1.29 for Mut3 and 1.33 for
Thaumatin. The water analysed were HiPerSolv. CHROMANORM HPLC grade
(VWR), henceforth synthetically indicated as “HPLC”, and commercial mineral
waters (Sant’Anna, Rocchetta and Lieve) selected on the basis of the mineral residue
amounts, conductivity, pH and the NaCl concentration corresponding to the

conductivity values as indicated in Table 1.

Table 1. Physicochemical properties (mineral residue amount, conductivity, pH and the
NaCl concentration corresponding to the conductivity values) of the 4 commercial waters

used in this study.
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Water Mineral amount (mg/l)  Conductivity (us/em)  pH NaCl concentration (mM)
HPLC <1 <1 5.90 N.A.

Sant'Anna 22 25 725 0.0096

Rocchetta 182 298 7.86 0.383

Lieve 294 445 7.81 1.262

4.2.2 Protein expression and purification

The recombinant proteins including MNEI, Mut3 and Mut9 were produced as
described in the Materials and Methods section of Chapter 1.

4.2.3 Sensory Analysis

The drinking samples were prepared with MNEI, Mut3, Mut9 and Thaumatin, in the
four waters, as indicated above. A group of 5 panellists participated in these blind
tasting sessions. Two paper cups, one containing 5 mL of protein-based drink and
the other 5 mL of commercial water were provided for the tasting and recording
their evaluation from O to 5. The definitions of the values are 0: (no taste), 1:
unidentified taste, 2: slightly sweet, 3: sweet, 4: very sweet and 5: extremely sweet.
MNEI, Mut3, Mut9 and Thaumatin samples were prepared with the concentrations
of 2, 4, 6, 8 and 10 mg/L. In the case of Mut3, lower concentrations (0.5 and 1
mg/L) were also prepared due to the very high sweetness intensity [73]. The
concentrations of the used proteins were selected according to their sweetness
intensities, starting from a little higher the concentration of known sweetness
thresholds of the proteins to the maximum sweetness perception limitation. In
another experiment, MNEI and Thaumatin with a concentration of 10 mg/L were
dissolved in HPLC water containing a NaCl concentration calculated to reproduce
the ionic strength of the three mineral waters (Table 1). Also, control samples of 40
g/L sucrose, 67 mg/L sucralose and 0.2 g/L aspartame in the same types of waters

were prepared. The subjects tasted the sample solutions without any time constrains
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followed by spitting it out and rinsing their mouth thoroughly with mineral water

within 1 min interval.

4.2.4 Circular Dichroism Spectroscopy (CD)

CD measurements were performed on a Jasco J-1500 spectropolarimeter (Jasco,
Essex, UK), equipped with a Peltier temperature control system (CTU-100), using a
1.0 cm quartz cell. The diluted samples were obtained starting from concentrated
protein solution (2.5 mg/mL in 5 mM HCI). The spectra measured in the far UV-
range 195-250 nm (50 nm/min scan speed), and each experiment performed with 3
accumulations. Molar ellipticity per mean residue [0] was calculated according to
the formula:
[0] = [0]ops Mmrw / (10 x 1 x C),  deg cm?dmol™

where [0]qs IS the raw ellipticity values measured in degrees, mrw is the mean
residue molecular weight of each protein (Da), C is the protein concentration in

g/mL and | is the optical path length of the quartz cell in cm.

4.2.5 NMR Spectroscopy

'"H NMR spectra were recorded with a Bruker AVANCE 700 MHz spectrometer
equipped with a cryo-probe, using excitation sculpting water suppression pulse
sequence on resonance with the water signal. The protein samples were prepared in
90 % commercial water (as indicated in the captions) and 10 % D,0O at the protein
concentration of 3 mg/mL for MNEI and 6 mg/mL for Thaumatin, respectively. The
spectra were acquired at 25 °C, with the following settings: 64k fid points, 128

scans, 2 seconds recycle delay.

4.3 Results and Discussion

4.3.1 MNEI
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The effects of various commercial waters on the sweetness intensity and the
secondary structure of single-chain Monellin, MNEI, were carefully assessed by
blind sensory analysis and CD spectroscopy, respectively. MNEI was used to
prepare sweet drinking samples with 4 types of commercial waters containing
different amounts of mineral residues. According to the sensory analysis, MNEI at
the lowest protein concentration (2 mg/L) in HPLC grade and Sant’ Anna waters that
contain the least mineral residues (1 and 22 mg/L, respectively) evaluated between
the levels of unidentified taste and slightly sweet. The sweetness intensity of both
drinking samples developed by increasing the protein concentration to maximum 10
mg/L, where the sweetness potency of both samples fell in the range of very sweet
and extremely sweet (Fig. 1A). On the other hand, the other 2 sweet drinking
samples prepared with Rocchetta and Lieve waters including higher amounts of
mineral residues (182 mg/L and 294 mg/L, respectively) tasted less sweet. In fact,
the drinking samples with 2 mg/L protein concentration were totally tasteless and
upon increasing the protein concentration to 10 mg/L, the sweetness intensity was
assessed between slightly sweet and sweet levels (Fig. 1A). The secondary structure
of MNEI with the protein concentration of 10 mg/L in 4 types of commercial waters
was also analyzed to detect any possible structural changes. The folding patterns of
MNEI in all 4 types of commercial waters were very alike (Fig. 1B). The only
mentionable differences in the secondary structures recorded by deconvolution of
MNEI spectra using the BestSel online tool [74] were variations in the B-sheet
(antiparallel) and a-helix contents by a few percentages (Fig. 1C). These differences

are smaller than intrinsic errors in the deconvolution procedure [156].
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A —e—HPLC B ——HPLC
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—e— Lieve 8000 - Lieve
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=2
= J
g -4000
-8000
0g —— -12000 S A e S
2 4 6 8 10 200 210 220 230 240 250
Protein Concentration (mg/L.) Wavelength (nm)
C
SS (%) HPLC Sant’Anna Rocchetta Lieve
a-helix 14.6 11.7 9.5 10.8
B-sheet (antiparallel) 42.8 45.4 45.3 44.9
B-sheet (parallel) 0.0 0.0 0.0 0.0
Turn 7.7 8.4 9.0 8.7
Random coil 34.9 345 36.2 35.6

Figure 1. A) Sensory analysis of MNEI at 2, 4, 6, 8 and 10 mg/L in 4 commercial waters:
blue) HPLC grade, red) Sant’Anna, green) Rocchetta and orange) Lieve. B) The secondary
structure spectra of MNEI at 10 mg/L in 4 commercial waters: blue) HPLC grade, red)
Sant’Anna, green) Rocchetta and orange) Lieve. C) A table presenting the secondary

structure contents of MNEI in different commercial waters by spectral deconvolution [74].

4.3.2 Mut3

Mut3 is one of MNEI’s constructs with the highest sweetness power among all
known sweet proteins up to this date [73]. Herein, the sweetness intensity of Mut3
from the protein concentration of 0.5 to 10 mg/L was carefully controlled by a blind
tasting session. At the lowest protein concentration (0.5 mg/L), all of the Mut3
drinking samples that prepared with 4 different types of commercial waters were

tasteless. The sweetness intensity of Mut3 drinking samples escalated upon
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increasing the protein concentration to maximum 10 mg/L. Based on the obtained
data, the sweetness intensity of Mut3 with the maximum protein concentration in
HPLC grade and Sant’Anna was close to extremely sweet, although the sample
prepared with HPLC grade water was slightly sweeter (Fig. 2A). Very similar to
MNEI data, Mut3 in Rocchetta and Lieve waters perceived less sweet than Mut3 in
HPLC grade and Sant’Anna. Indeed, the sweetness potency of Mut3 in Rocchetta
and Lieve resulted within the levels of sweet and very sweet (Fig. 2A). Also, the
secondary structure of Mut3 in 4 commercial waters was measured to control the
changes in Mut3’s folding pattern upon using various types of waters. In fact, the
spectra of Mut3 were highly superimposable and no noticeable differences could be
observed (Fig. 2B). Worth mentioning, only a few percentages of variation in the p3-
sheet (antiparallel) and o-helix contents could be recorded (Fig. 2C), which are

negligible with respect to intrinsic errors in the deconvolution procedure [156].

—e— HPLC B —HPLC
54 —e— Sant'Anna T 12000 — —— Sant'Anna
~—&— Rocchetta Rocchetta
i —e— Lieve 8000 Lieve
) y _E 4000
: :j'b o —_
i EL & -4000
| /‘/ = 4
: _:/.& -8000 -
0 _a ¥ T % T 4 T v T * T =12000 T ¥ T g T » T L4 T . 1
2 4 6 8 10 200 210 220 230 240 250
Protein Concentration (mg/.) Wavelength (nm)
C
SS (%) HPLC Sant’Anna Rocchetta  Lieve
a-helix 14.5 17.9 16.3 17.4
B-sheet (antiparallel) 43.0 40.0 42.1 41.6
B-sheet (parallel) 0.0 0.0 00 0.0
Turn 7.4 6.6 5.8 7.3
Random coil 35.1 35.5 35.7 33.8
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Figure 2. A) Sensory analysis of Mut3 at 0.5, 1, 2, 4, 6, 8 and 10 mg/L in 4 commercial
waters: blue) HPLC grade, red) Sant’Anna, green) Rocchetta and orange) Lieve. B) The
secondary structure of Mut3 at 10 mg/L in 4 commercial waters: blue) HPLC grade, red)
Sant’Anna, green) Rocchetta and orange) Lieve. C) A table presenting the secondary

structure contents of Mut3 in different commercial waters by spectral deconvolution [74].

4.3.3 Mut9

Mut9 is another mutant of MNEI with an extraordinary thermal and chemical
stability endowed with a double sweetness power compared to its parent protein
[54]. To screen the changes of the protein’s sweetness potency in 4 various
commercial waters, Mut9 drinking samples with increased concentration starting
from 2 to 10 mg/L were prepared and subjected to a blind sensory analysis. At 2
mg/L protein concentration, only the samples prepared with HPLC grade and
Sant’Anna waters tasted slightly sweet and the remaining samples were between
tasteless and unidentified taste levels (Fig. 3A). At the maximum protein
concentration (10 mg/L), the sweetness intensity of Mut9 in HPLC grade and
Sant’ Anna was evaluated near to the maximum level. While, the sweetness of Mut9
at 10 mg/L concentration in Rocchetta and Lieve waters was between sweet and
very sweet levels (Fig. 3A). Moreover, secondary structure of Mut9 in different
types of commercial waters was screened. The outcome demonstrated that Mut9’s
spectra were very similar and highly superimposable (Fig. 3B), but slight
differences in the B-sheet and the a-helix contents could be observed (Fig. 3C).
These variations are far smaller than intrinsic errors in the deconvolution procedure
[156]
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Protein Concentration (mg/L) Wavelength (nm)
C
SS (%) HPLC Sant’Anna Rocchetta Lieve
a-helix 8.5 11.0 10.8 6.8
B-sheet (antiparallel) 26.9 27.7 30.6 31.3
B-sheet (parallel) 0.0 0.0 0.0 0.0
Turn 13.5 12.4 11.1 14.2
Random coil 51.1 48.8 47.5 47.8

Figure 3. A) Sensory analysis of Mut9 at 2, 4, 6, 8 and 10 mg/L in 4 commercial waters:
blue) HPLC grade, red) Sant’Anna, green) Rocchetta and orange) Lieve. B) The secondary
structure of Mut9 at 10 mg/L in 4 commercial waters: blue) HPLC grade, red) Sant’Anna,
green) Rocchetta and orange) Lieve. C) A table presenting the secondary structure contents

of Mut9 in different commercial waters by spectral deconvolution [74].
4.3.4 Thaumatin

Thaumatin was the last sweet protein selected for this study. A blind sensory
analysis was performed on Thaumatin-based drinking samples with protein
concentration ranging from 2 to 10 mg/L. At 2 mg/L protein concentration, only
Thaumatin prepared in HPLC grade and Sant’Anna tasted slightly sweet and the
other two samples were almost tasteless (Fig. 4A). The sweetness potency of

Thaumatin at the highest concentration (10 mg/L) in HPLC grade and Sant’Anna
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was assessed to be within the levels of very sweet and extremely sweet, while in
Rocchetta and Lieve, it tasted one unit less sweet (Fig. 4A). Like the other three
sweet proteins, the secondary structure of Thaumatin at 10 mg/L in different
commercial waters was also analyzed by CD spectroscopy. The results showed that
the spectra of Thaumatin in 4 types of waters were very similar and superimposable
(Fig. 4B), except minor variations in the secondary structure contents (Fig. 4C) that

are far below the intrinsic error values of deconvolution procedure [156]

Sweetness (Standard Marks)

A —e—HPLC B ——HPLC
54 —@—Sant'Anna T ] Sant'Anna
—®— Rocchetta 20000 Rocchetta
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& |
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2 4 6 8 10 200 210 220 230 240 250
Protein Concentration (mg/L) Wavelength (nm)
C
SS (%) HPLC Sant’Anna Rocchetta Lieve
a-helix 4.8 5.0 6.3 4.4
B-sheet (antiparallel) 34.5 35.1 36.0 36.9
B-sheet (parallel) 0.0 0.0 0.0 0.0
Turn 14.5 14.1 13.2 14.4
Random coil 46.2 45.8 44.5 44.3

Figure 4. A) Sensory analysis of Thaumatin at 2, 4, 6, 8 and 10 mg/L in 4 commercial
waters: blue) HPLC grade, red) Sant’Anna, green) Rocchetta and orange) Lieve. B) The
secondary structure of Thaumatin at 10 mg/L in 4 commercial waters: blue) HPLC grade,
red) Sant’Anna, green) Rocchetta and orange) Lieve. C) A table presenting the secondary
structure contents of Thaumatin in different commercial waters by spectral deconvolution
[74].
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4.3.5 Sensory analysis on MNEI and Thaumatin at increasing

NaCl concentrations

Our study of water effects on the sweetness of MNEI, Mut3, Mut9 and Thaumatin

confirmed that ionic content of mineral waters can have a profound influence on

sweetness potency. As a further control, we dissolved MNEI and Thaumatin in

HPLC water in which we had previously added different amounts of NaCl in order

to reproduce the ionic strength of the commercial mineral waters (Table 1).

Remarkably, the sweetness trend was confirmed when we analysed the sweetness of

the examined sweet proteins (Fig. 5A and 5B). Interestingly, the sweetness

intensities of MNEI and Thaumatin observed in different commercial waters (Fig.

1A and 4A) were almost consistent with the data obtained after reproducing the

ionic strength of the same waters by addition of NaCl to HPLC water (Fig. 5A and

5B).

B HPLC
B HPLC + 0.0096 mM NaCL
= HPLC + 0.383 mM NacCl
W HPLC + 1.262 mM Nacl
m Lieve

Waters

Sweetness (Standard Marks)

B HPLC
H HPLC + 0.0096 mM Nacl
M HPLC + 0.383 mM NacCl
m HPLC + 1.262 mM NacCl
o Lieve

Waters

Figure 5. Sensory analysis performed on 10 mg/L samples of A) MNEI and B) Thaumatin

when dissolved in HPLC water with increasing concentration of NaCl, calculated to match

the commercial water conductivity.

4.3.6 NMR Spectroscopy on MNEI and Thaumatin
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We also used NMR spectroscopy technique to detect possible structural changes of
MNEI and Thaumatin in HPLC water (containing the least amount of mineral
residues) and Lieve water (containing the highest amount of mineral residue).
According to the CD spectroscopy data (Fig. 4B and 4C), Thaumatin presented a
very low structural sensitivity to the different commercial waters. These results were
also confirmed by running *H-NMR spectroscopy (Fig. 6A). Indeed, the *H-NMR
spectra in HPLC and Lieve waters are completely superimposable (Fig. 6A). Again,
we performed the same control experiment on MNEI using 4 commercial waters:
HPLC, Sant’ Anna, Rocchetta and Lieve. As a result, some differences in the NMR
spectra were noticed, but all the typical signatures of 2D and 3D structure (i.e. the
amide protons signal dispersion, the B-sheet diagnostic signals between 5 and 6 ppm
and the shielded signal below 0.5 ppm) were well evident (Fig. 6B and 6C). These
differences are not counted as significant structural alterations; therefore, we believe
that the existence of various amounts of ionic strengths in waters did not affect the

structures of the sweet proteins.
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Figure 6. '"H NMR spectra of 6 mg/ml Thaumatin samples in HPLC (blue line) and Lieve
(orange line) waters (A). Amide (B) and aliphatic (C) regions of *H NMR spectra of 3 mg/ml
MNEI samples in HPLC (blue line), Sant’Anna (red line), Rocchetta (green line) and Lieve

(orange line) waters.

4.3.7 Sucrose

Sucrose is a commonly consumed low molecular weight sweetener in all types of
food and beverage products worldwide. This is why, it was selected as a reference
low molecular weight sweetener to investigate the effects of 4 various commercial
waters i.e. HPLC grade, Sant’ Anna, Rocchetta and Lieve on its sweetness intensity.
These commercial waters were sweetened by equal amounts (40 g/L) of sucrose
followed by running a blind sensory analysis on the drinking samples to determine
the sweetness intensity. The concentration of sucrose was selected based on the
previous sensory analysis studies reported at [157]. The sensory analysis data
showed that the sweetness intensity of all prepared sucrose-based drinks resulted
within the levels of sweet and very sweet (Fig. 7). There are, however, minor
differences in the sweetness intensity of these samples, where the sweetness power
slightly increased from HPLC grade water that includes the least mineral residues to
Lieve with the highest amount of minerals (Fig. 7). These variations are not
necessarily due to the real differences in the sweetness potency of the drinking
samples; instead, they could be experimental errors resulted from the sensory

analysis experiment.
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B HPLC mSant'Anna M Rocchetta M Lieve

Sweetness (Standard Mark)

HPLC Sant'Anna Rocchetta Lieve

Figure 7. Sensory analysis of 40 g/L sucrose in 4 commercial waters: blue) HPLC grade,

red) Sant’Anna, green) Rocchetta and orange) Lieve.

4.3.8 Sucralose

In this study, sucralose with the concentration of 67 mg/L was used as another low
molecular weight sweetener to assess the influence of various commercial waters on
the sweetness intensity of this type of sweeteners. The sucralose concentration was
selected according to the equivalent sweetness intensity of 40 g/L sucrose (sucralose
is ~ 600 times sweeter than sucrose). The data clearly indicated that the sweetness
potency of sucralose was unaffected in different commercial types of waters that
contain various amounts of mineral residues and conductivities. The sweetness
intensity of all the samples was evaluated between the levels of sweet and very
sweet (Fig. 8). Although sucralose was slightly less sweet in Sant’Anna water,
however, this diversity is negligible and can fall in the experimental error range
(Fig. 8).
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m HPLC mSant'Anna W Rocchetta mLieve

Sweetness (Standard Mark)

HPLC Sant'Anna Rocchetta Lieve

Figure 8. Sensory analysis of 67 mg/L sucralose in 4 commercial waters: blue) HPLC grade,

red) Sant’Anna, green) Rocchetta and orange) Lieve.
4.3.9 Aspartame

Aspartame was also used to prepare sweet drinking solutions to evaluate the possible
influence of different commercial waters on the sweetness intensity of a charged low
molecular weight sweetener. In this sensory analysis, aspartame-based drinking
samples with an equal concentration of 0.2 g/L were prepared. The reason for
selecting this concentration for aspartame was to obtain the same sweetness intensity
with respect to that of 40 g/L sucrose (aspartame is ~ 200 times sweeter than
sucrose). According to the sensory analysis data of aspartame, all the drinking
samples were tasted between sweet and very sweet levels (Fig. 9). In fact, using
different types of waters did not affect the sweetness intensity of aspartame. Small
differences in the sweetness intensity could be observed, however, these differences
do not follow any trend i.e. the existence amount of mineral residues (Fig. 9).
Therefore, the observed differences could be considered as experimental errors of

sensory analysis.
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Figure 9. Sensory analysis of 0.2 g/L aspartame in 4 commercial waters: blue) HPLC grade,

red) Sant’Anna, green) Rocchetta and orange) Lieve.

4.4 Conclusions

During preparing home-made beverages using sweet proteins, we ran into inequality
issue in the sweetness intensity of this type of sweeteners upon different commercial
waters. In this study, we used 4 sweet proteins including MNEI, Mut3, Mut9 and
Thaumatin to prepare sweet drinking samples in 4 commercial waters with different
mineral residue amounts. Then, the sweetness intensity of the proteins was analyzed
by blind sensory analysis and the structure by CD and NMR spectroscopies. Also,
low molecular weight sweeteners such as sucrose, sucralose and aspartame were
used to prepare drinking samples in the same types of waters for control purposes.
According to the outcome, all of the explored sweet proteins behaved similarly in
terms of sensory analysis. Indeed, the sweetness intensities of the sweet proteins
decreased noticeably from HPLC grade (the lowest mineral residues amount) to
Lieve (the highest mineral residues amount). Diversely, only slight variations in the

structures of the proteins could be detected, which are smaller than intrinsic
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experimental errors (Fig. 1, 2, 3, 4 and 6). In fact, the CD and NMR spectra of the
sweet proteins were almost superimposable in different commercial waters. On the
other hand, the sweetness potency of the drinking samples containing sucrose,

sucralose and aspartame in various commercial waters was almost identical.

According to the wedge model, low molecular weight sweeteners occupy the
orthosteric cavities of the Venus flytrap domain and activate the sweet taste
receptor. On the other hand, sweet proteins bind to the external cleft between both
subunits of the sweet taste receptor and activate it. The bindings between sweet
proteins and the sweet taste receptors are relatively strong due to many specific
electrostatic interactions between the positive charged residues of the sweet proteins
from one side and the complementary negative charged residues located on the
external surface of the receptor accepting the sweet proteins from the other side
[24,26,27,52]. By considering the mechanism of action of sweet taste receptor in
wedge model, we believe that the decrease in the sweetness intensity of sweet
proteins is due to the presence of ionic mineral residues, which could hinder the
proper protein-receptor bindings (Fig. 10). In the case of low molecular weight
sweeteners, since there is a different mode of interaction with the receptor due to
their small size, therefore, the binding activities between the sweet taste receptor and
small molecular weight sweeteners including the charged ones remained
undisturbed; and the sweetness power was unaffected in the presence of ionic
compounds (Fig. 7, 8, 9 and 10).
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Figure 10. Schematic presentation of wedge model and the activation process of sweet taste
receptor by low molecular weight sweeteners or sweet proteins in presence of ionic

compounds.
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Aggregation study on MNEI

Abstract

The promising potential of single-chain Monellin, MNEI, as a sweetener in food
industries is counterbalanced by its high aggregation propensity, which represents a
drawback not only for the protein function, but also for the potential toxicity,
associated to the amyloidogenic aggregation processes. In this study, we performed
a careful investigation on the influence of some parameters such as temperature,
intensive mechanical agitation, protein concentration and ionic strength on the
aggregation kinetics and the mechanism of MNEI aggregation. These experimental
parameters were selected to screen the protein’s behavior when treated with possible
stressing conditions during food processing or prolonged storage. Here, MNEI at pH
2.5 was incubated at 65 °C and subjected to an intensive mechanical agitation or
addition of 150 mM NaCl. These two factors increased the aggregation kinetics of
MNEI exponentially. Transmission electron microscopy confirmed the formation of
protein fibrils with several micrometers length in both cases, although the
morphologies of the formed fibrils were totally diverse. Moreover, conformational
differences of the final aggregates obtained from MNEI solutions subjected to
intensive mechanical agitation or addition of salt were clearly detected by FTIR.
Further, MNEI soluble oligomers induced by mechanical agitation were observed by
native PAGE, while no trace of soluble aggregates could be detected in the sample
solution containing NaCl. In addition, the cytotoxicity data on MNEI aggregates
showed that only soluble aggregates formed after 24 hours of incubation at 65 °C
and under mechanical agitation (with and without PTFE beads) were toxic. These
findings emphasized the possibility of controlling the aggregation process of MNEI
through regulation of some physicochemical conditions that could increase the

possibility to prevent the formation of toxic species.
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5.1 Introduction

Over the past a few decades, spontaneous conversion of soluble proteins into
soluble/insoluble aggregates with different morphologies was one of the most
challenging issues in biology and medical sciences [158-160]. So far, much effort
has been made to understand and probably control the factors associated in the
formation of insoluble aggregates, known as amyloid fibrils. In the recent years,
insoluble aggregates were extensively studied due to their correlation with over 30
diseases [161]. There are also a few diagnosed diseases which have been found that
soluble aggregates, rather than amyloid fibrils, formed during very early stages of
fibrillar aggregation played the determinant role in their establishment[162,163].

Amyloid-linked diseases are majorly established by the deposits of some specific
variants of polypeptides. However, by looking closely to this type of polypeptides
and other peptides or proteins, some common traits could be observed. For instance,
in not so long time ago amyloidogenesis was thought to occur merely for a few
proteins, but very recent data demonstrated that under certain conditions, a large
number of soluble proteins undergo amyloidogenesis. Worthy of note, even some
globular proteins i.e. muscle myoglobin and Monellin which are not involved in any
protein-folding diseases and with totally diverse amino acid sequences, structures
and functions could under specific physicochemical conditions in vitro convert into
fibrillar aggregates with some structural properties that cannot be distinguished from
those found in the amyloidosis [162,164,165].

The results of several studies indicated that Monellin and its single-chain derivatives
possess high aggregation propensity [55-58]. This feature represents a drawback not
only for the protein function, but also for the protein acceptance as food ingredient.
Very recent data showed that some physicochemical conditions such as pH,
temperature and ionic strength have a significant influence on the aggregation
kinetics and the morphologies of the formed MNEI aggregates. As a matter of fact,

formation of ordered or disordered aggregates, at a temperature close to T.,, can be
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only controlled by pH regulation [58]. While, ionic strength has a significant effect
on the kinetics of the aggregation process [78]. In this study, we investigated the
effect of new experimental parameters such as different temperatures, intensive
mechanical agitation with and without PTFE beads, protein concentration, different
buffering compositions, extended pH and ionic strength on the aggregation kinetics
and the morphologies of the formed aggregates. These incubational conditions were
selected to monitor the behavior of MNEI in various conditions to which the protein

could be exposed during storage, transport or food processing.

5.2 Materials and Methods
5.2.1 Protein expression and purification

The recombinant protein, MNEI, was produced as described in the Materials and

Methods section of Chapter 1.

5.2.2 Thioflavin T (ThT) binding assay

Aliquots of MNEI incubated under different experimental conditions were
withdrawn from the glass vials at different time points. A final protein concentration
of 10 uM in 400 pL of solution was used for each measurement. Protein aliquots
were diluted in 20 mM sodium phosphate buffer followed by addition of ThT with a
final concentration of 30 uM. Fluorescence emission spectra were acquired in the
range of 460-600 nm after excitation at 440 nm using a HORIBA Fluoromax
spectrofluorimeter, with a scan speed of 100 nm/min. Excitation as well as emission

slits were adjusted at 5 nm.

5.2.3 Transmission electron microscopy (TEM)
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TEM images were obtained in bright field mode using a FEI Tecnai G2 200 kV
transmission electron microscope with an accelerating voltage of 120 kV. Aliquots
of MNEI at different time points were taken from each solution and diluted ten times
with deionized water. A 3 pL drop was deposited on carbon coated copper TEM
grid (200 mesh) for 2 minutes. Then, the excess solution was removed by gently
touching the remaining portion of the drop using the edge of a filter paper sheet and
air dried. Images were collected avoiding negative staining of the samples, therefore
they were free from the artifacts that could arise, for instance, from uneven staining
or dye crystallization. TEM analysis was performed on different regions of each
specimen to check the uniformity of the morphology over the macroscopic area of
the support and for independent samples. Average fibril thicknesses were calculated
from the TEM images using ImageJ software (https://imagej.nih.gov/ij/). At least

200 independent measurements were taken at different locations of the TEM image.

5.2.4 Fourier-transform infrared (FTIR) spectroscopy

Conformational changes of MNEI were monitored by ATR-FTIR measurements as
described [79,166,167]. Briefly, 2 uL of the samples were deposited on the single
reflection diamond crystal of the ATR device (Quest, Specac, USA) and dried at
room temperature in order to obtain a protein hydrated film. ATR-FTIR spectra
were acquired on a Varian 670-IR spectrometer (Varian Australia Pty Ltd.,
Mulgrave VIC, Australia) under the following conditions: resolution of 2 cm™, scan
speed of 25 kHz, 1000 scan coadditions nitrogen-cooled Mercury Cadmium
Telluride detector. Spectra were smoothed using the Savitsky-Golay method before
the second derivative analysis. Spectral collection and analysis were performed with

the Resolution-Pro software (Varian Australia Pty Ltd., Mulgrave VIC, Australia).

5.2.5 Native gel electrophoresis analysis
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MNEI at a concentration of 2.5 mg/mL was incubated at 65 °C under four different
experimental conditions: control, agitation without bead, agitation with bead, and in
presence of 150 mM NaCl. The pH of all conditions was adjusted to 2.5, by addition
of sodium phosphate at pH 2.5 (20 mM final concentration). Identical aliquots (10
pg) of each sample were loaded on 10 % polyacrylamide gel under native
conditions. This experiment was performed with the incubation interval of 24 hours
for three days on the control and the agitated samples (with and without beads), and
with the incubation interval of 1 hour for 5 hours on the sample including 150 mM
NaCl.

5.2.6 Cell cultures and treatments

SH-SY5Y human neuroblastoma cells (ATCC# CRL-2266) were cultured in Eagle’s
Minimum Essential Medium (EMEM) supplemented with 10 % fetal bovine serum,
3.0 mM glutamine, 50 units/mL penicillin and 50 mg/mL streptomycin in a 5.0 %
CO, humidified environment at 37 °C. For toxicity experiments, the cells were
plated at a density of 200,000 cells/well in 24-well plates and, after 24 hours, cells
were exposed to 30 uM protein samples for 24 hours. For FLIM experiments, the
cells were plated at a density of 100,000 cells/well in a 35 mm glass-bottom dish
(Ibidi). After 24 hours, cells were exposed to 30 UM protein samples for 24 hours
and then incubated with 10 pM Bodipy FL 12 (ThermoFisher) in cell medium for 20
minutes. Before FLIM measurements, the cells were rinsed twice with phosphate

buffer solution PBS and incubated with fresh cell medium.

5.2.7 Cell viability assay

Cell viability was assessed as the inhibition of the ability of cells to reduce MTT
(Metabolic dye 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide to a
blue formazan product [168]. After incubation with MNEI samples, cells were
rinsed with PBS. A stock solution of MTT (5 mg/mL in PBS) was diluted ten times
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in cell medium and incubated with cells for 3 hours at 37 °C. After removing the
medium, cells were treated with isopropyl alcohol, 0.1 M HCI for 20 minutes.
Levels of reduced MTT were assayed by measuring the difference in absorbance
between 570 and 690 nm. Data are expressed, as average percentage reduction of
MTT with respect to the control = S.D. Data are an average from five independent
experiments carried out in triplicate. Statistical analysis was performed using Stata
software (Version 13.0, StataCorp LP., College Station, TX, USA). Turkey's post
hoc test was used if the treatment was significant on analysis of variance (ANOVA).

All data are presented as the mean + SE. Statistical significance was set at p < 0.05.

5.2.8 Fluorescence lifetime imaging microscopy (FLIM)

FLIM was performed on SH-SY5Y living cells using an ISS Alba frequency domain
confocal FLIM microscope (ISS, Champaign, IL). The microscope optics included a
60x, N.A. = 1.2 water immersion objective mounted in a Nikon TE-2000 V inverted
microscope. Excitation was from 468 nm diode laser amplitude modulated at 20, 40,
60, 80, 100 and 120 MHz and fluorescence emission was detected using TTL
avalanche photodiodes. Confocal scanning optics was an ISS proprietary design.
Regions of interest comprising about 500 pixels each within the images of twenty
cells each in multiple fields at six frequencies were collected and analyzed. Pixel fits
to the lifetime data were performed using the manufacturer software (Vista Vision
4.0). Calibration of Bodipy FL C12 was performed by measuring the fluorescence
lifetime of different methanol/glycerol mixtures (0, 50, 60, 70, 80 and 90 %
glycerol) with known viscosity [169,170].

5.3 Results and Discussion

5.3.1 ThT binding assay
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Thioflavin T (ThT) is a very common and feasible assay to study the in vitro
amyloid fibril formation. ThT, upon binding to amyloid fibrils, displays a dramatic
fluorescence rise from 445 to 482 nm when excited in the range of 385 to 450 nm
[171]. The strong shift of fluorescence occurs due to the rotational immobilization of
the central C-C bond of ThT which connect benzothiazole ring to aniline ring [172—
174]. Although, there are different structural models of amyloid fibrils, however, it
is strongly suggested that ThT binds to a common structural features among amyloid
fibrils. Since amyloid fibrils are formed from parallel or anti-parallel alignments of
B-strands, therefore, they share the cross-B architecture that is most probably the
target of ThT-binding [175]. Here, we used ThT binding assay to evaluate the
influence of some parameters such as temperature, intensive mechanical agitation
with and without PTFE beads, protein concentration, pH, different buffers and ionic
strength on the aggregation kinetics of MNEI.

Earlier data demonstrated that MNEI produced fibrillar aggregates upon incubation
at acidic pH and controlled temperature (60 °C). Fibrillization process of MNEI
could be also accelerated by elevating the temperature to a little below the protein
melting temperature (T, = 73 °C, at pH 2.5) [58]. Furthermore, fibrillar aggregation
of MNEI can be significantly fastened at increasing concentration of NaCl [79].
Worth mentioning, mechanical agitation is another parameter that is reported to
increase fibrillar growth of some peptides and proteins [176-178]. Although the
precise mechanism of peptides and proteins fibrillar aggregation induced by
controlled mechanical agitation is an obscure procedure up to date, however, it is
hypothesized that increase in collisions of monomeric and oligomeric species with
the both ends of already formed fibrils or fragmentations result in fibrillar growth
[179]. Moreover, enhance in the air-water interface through agitation that can
simulate the hydrophobic surface is assumed to elevate the fibrillation rate [180]. In
this study, the aggregation study of MNEI was begun by a prolonged incubation (up
to 3 months) of the protein at 37 °C (to simulate the accelerated shelf-life

conditions). In addition to explore the influence of temperature on the aggregation
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kinetics of MNEI, we also investigated the effects of pH and mechanical agitation
by running an extended experiment. In this experiment, samples of MNEI at pH 2.5,
5.0 and 6.8 were incubated with and without mechanical agitation. The protein
concentration for all the samples was adjusted on 2.5 mg/mL. The obtained results
indicate that temperature played the determinant role in the aggregation process of
MNEI, since at a low temperature (37 °C), the protein did not aggregate upon
incubation for 3 months (Fig. 1). These observations did not change even after
introducing mechanical agitation. In spite of the fact that MNEI is known to have
high aggregation propensity at neutral pH, however, incubation at 37 °C and pH 6.8
did not lead to aggregate formation (Fig. 1). Small growth in the florescence
intensity of the protein at pH 6.8 could be detected, but it cannot be counted for

protein aggregation.
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Figure 1. Time course of the ThT binding assay of MNEI incubated under mechanical
agitation at 37 °C, protein concentration of 2.5 mg/mL and pH 2.5, 5.1 and 6.8. Fluorescence
values were recorded at 485 nm at the indicated times. The symbols and color codes of the

curves are reported on the inset.
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The effect of temperature on the aggregation process of MNEI was further checked
by increasing the temperature to 65 °C. MNEI at pH 2.5 with the concentration of
2.5 mg/mL was incubated under intensive mechanical agitation at 250 rpm on an
orbital shaker (VWR 3500 orbital shaker) with or without poly(tetrafluoroethylene)
(PTFE) beads (Sigma, 1 bead every 500 pL of solution). According to the results,
intensive mechanical agitation in presence or absence of PTFE beads significantly
increased the aggregation process (Fig. 2). In the case of using PTFE beads, the
fluorescence intensity reached a peak after 48 hours of incubation and slightly
decreased for the rest of the incubation time. Whereas, for MNEI agitated without
PTFE beads, the fluorescence intensity reached a plateau after 2 days of incubation
without experiencing any decrease in the intensity (Fig. 2). On the other hand, the
fluorescence intensity of MNEI under static condition remained almost constant
over 1 week incubation. Only a very slight increase in the intensity could be observe
after 48 hours of incubation, which we believe this slight increase in the

fluorescence intensity cannot be associated with any aggregate formation (Fig. 2).
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Figure 2. Time course of the ThT binding assay of MNEI incubated at 65 °C, protein
concentration of 2.5 mg/mL and pH 2.5. Fluorescence values were recorded at 485 nm at the
indicated times. The symbols and color codes of the curves are reported on the inset. This

figure is adapted from [59].

To extend the aggregation study, MNEI with different protein concentrations in the
range of 0.5 — 5.0 mg/mL were incubated at 65 °C upon strong and mild acidic pH.
The graphs (Fig. 3A and 3B) demonstrated that protein concentration had a big
impact on the kinetics of aggregation process of MNEI at strong and slightly acidic
pH. In fact, it is evident that by increasing protein concentration the fluorescence
intensity grows exponentially; it can be a sign of fast aggregate formation (Fig. 3A
and 3B). The only observable difference among these two graphs is the aggregation
kinetics of MNEI at pH 5.5 (Fig. 3B), which was a little higher than that of MNEI at
pH 2.5 (Fig. 3B) in the early stages of aggregation process.
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Figure 3. Time course of the ThT fluorescence binding assays of MNEI incubated at 65 °C,
and pH A) 2.5, B) 5.5. Fluorescence values were recorded at 485 nm for different protein

concentrations as indicated on the insets.

The influence of different salts with a wide range of concentration on the
aggregation procedure of MNEI have been thoroughly discussed before [78]. A new
experiment was designed to screen the behavior of MNEI with the same protein
concentration (2.5 mg/mL) upon incubation at 65 °C, in two different buffering
solutions (sodium phosphate and sodium acetate) with a pH value of 5.0 and in
presence of 150 mM NaCl. The obtained results indicate that the fluorescence
intensity of both buffering solutions increased significantly in the presence of salt
(Fig. 4A). In more detail, both buffering solutions containing NaCl reached a
plateau after six days of incubation, while no considerable rise in the fluorescence
intensity could be observed for the samples prepared without any addition of salt
even after two weeks of incubation. Moreover, the explored buffers displayed a
similar behavior after monitoring the aggregation process of MNEI (Fig. 4A). In
addition, MNEI solutions with the same protein concentration (2.5 mg/mL)
including 150 mM NaCl were incubated at two various temperatures 65 °C and 37

°C to examine the influence of incubational temperature on the aggregation process.
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The outcome clearly evidenced that the incubational temperature had a striking
impact on the aggregation procedure of MNEIL. In the case of MNEI incubated at 65
°C, the fluorescence intensity reached a plateau after only 48 hours of incubation,

whereas MNEI at 37 °C did not aggregate upon incubating over 1 week (Fig. 4B).
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Figure 4. Time course of the ThT fluorescence binding assay of 2.5 mg/mL MNEI incubated
at A) 20 mM NaP or 20 mM NaOAc pH 5.0, with and without 150 mM NaCl and T= 65 °C;
and B) 20 mM NaP pH 2.5, T= 65 or 37 °C and 150 mM NaCl. Fluorescence values were

recorded at 485 nm. The symbols and color codes of the curves are reported on the inset.

5.3.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used to monitor the resulting
morphology of the formed aggregates after MNEI incubation at some newly selected
physicochemical conditions with higher influence on the aggregation process of
MNEI. TEM images of MNETI’s aggregates found in static conditions (without NaCl
and agitation), with 150 mM NacCl, agitation without and with PTFE beads. Samples
of MNEI at pH 2.5 with the concentration of 2.5 mg/mL were incubated at 65 °C up
to 1 week. According to TEM images, MNEI after 1 week of incubation in static

conditions resulted in the formation of short and bent fibrils with a length of 100 —
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200 nm and a width of 9 nm (Fig. 5A). While in the presence of 150 mM NaCl, very
dense nest-shape conglomerates fibrils with the length of 70 — 200 nm and thickness
of ~ 8 nm were detected after 24 hours of incubation (Fig. 5B). In the case of MNEI
agitated with PTFE beads, long fibrils formed by one (7 = 1 nm), two (14 £ 3 nm) or
three filaments (22 £ 3 nm) were observed after 7 days (Fig. 5D). On the other hand,
the sample agitated without any beads produced twisted fibrils with an average
thickness of 11 £ 2 nm and a periodicity of 44 + 4 nm (Fig. 5C). The collected
results indicated that NaCl and mechanical agitation greatly uplifted the aggregation
kinetics of MNEI.

- bead

+ bead

Figure 5. Transmission electron microscopy images of MNEI. Samples of 2.5 mg/mL MNEI
incubated in 20 mM sodium phosphate buffer at pH 2.5 and 65 °C. The samples are
incubated in: (A) static, (B) presence of 150 mM NacCl, (C) agitation without PTFE beads,
and (D) agitation with beads. The samples were deposited on carbon-coated copper TEM
grids and observed without any staining procedure. Several regions of the grids were
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analyzed to ensure the uniformity of samples and two independent experiments were

performed for each condition. This figure is adapted with permission from [79].

5.3.3 Fourier-transform infrared (FTIR) spectroscopy

To detect possible changes in the protein secondary structure after incubation of the
protein under different physicochemical conditions we used Fourier transform
infrared (FTIR) spectroscopy in attenuated total reflection (ATR). This experiment
was performed with the collaboration of Professor Antonino Natalello’s research
group, Department of Biotechnology and Biosciences of the University of Milano-
Bicocca, Milan, Italy. Previously we observed that upon fibril formation in the
presence or absence of NaCl, distinct and characteristic spectral features could be
detected for the monomeric and aggregated forms [181]. Here, 2.5 mg/mL MNEI at
pH 2.5 was incubated at 65 °C up to 1 week and aliquots from the samples solutions
were withdrawn and analyzed by FTIR at various time points. Under native
conditions, the second derivatives of MNEI absorption spectra displayed (in the
Amide | band), three main negative peaks, which can be assigned to the protein
secondary structures as follow: ~1691 cm™ and ~1635 cm* to B-sheets and ~1659
cm ' to a-helix (Fig. 6, 0 h) [181]. For the sample including 150 mM NaCl, decrease
in the peaks were noticed after 24 hours of the incubation, which are most likely due
to the o-helix and native B-sheets and the concomitant appearance of the IR
signatures of intermolecular B-sheets (peak at ~1695 cm™ and ~1621 cm ) (Fig. 6).
In the agitated samples, a progressive down shift of the peak position of the native f3-
sheets from 1635 cm™* to about 1627 cm " were observed after 1 week of incubation
(Fig. 6). At 24 hours of incubation, the down shift of the native 3-sheet peak and the
increase in intensity of the peak at ~1615 cm* were more evident in the agitated
sample in the presence of PTFE beads with respect to the sample agitated without
beads. At this incubation time (24 hours), the main (-sheet component in the
agitated solutions displayed an intermediate peak positioned between the peak of
native MNEI (~1635 cm*) and the peak of the final aggregates (~1627 cmb).
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However, the protein in the presence of 150 mM NaCl was characterized by
remarkable different spectral features: a higher intensity of the ~1695 cm ™ peak and
a main p-sheet component at ~1621 cm™* (Fig. 6, 24 hours). These differences were
also observed upon longer incubation times. From literature data, peaks in the 1627—
1615 cm* spectral region can be assigned to the p-sheet structures of the protein
aggregates [167,181,182]. Noteworthy, the protein aggregates obtained at the end of
incubation from various experimental conditions displayed marked features (Fig. 6,
1 Week and pellet). The aggregates formed in the agitated samples showed two -
sheet components in the low-wavenumbers range, the peak with higher intensity is
at 1615 cm* for the sample agitated with PTFE beads. Moreover, these aggregates
displayed a peak at about 1661 cm™ that could not be detected in the protein
solution containing 150 mM of NaCl. The peak at ~1661 cm™* cannot be assigned
unequivocally, since it can be due to the existence of turns, loops and/or a-helices in

the protein structure.
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Figure 6. Time course of MNEI aggregation process studied by ATR-FTIR spectroscopy.
Second derivatives of the absorption spectra of 2.5 mg/mL MNEI at different times of
incubation at pH 2.5 and 65 °C, up to 1 week (1 W), in agitation with (magenta) or without
PTFE bead (orange) or under static conditions with 150 mM NaCl (green). The second
derivatives of the absorption spectra of the pellet obtained by centrifugation of the samples
after 1 week incubation are also reported. The wavenumbers of the main peaks and their
assignment to -sheet structures in protein aggregates are indicated. This figure is reprinted
from [59].

127



Chapter 5_Aggregation Study on MNEI

5.3.4 Native gel electrophoresis analysis

The different morphologies of MNEI fibrils obtained at acidic pH could be the result
of alternative aggregation mechanisms, possibly involving different intermediates in
solutions i.e. at diverse stages of unfolding and/or oligomerization. To explore this
hypothesis, we examined the population of soluble species during the early stages of
MNEI aggregation process by native acidic PAGE (Fig. 7). This experiment was
performed on 2.5 mg/mL MNEI solutions at pH 2.5 incubated at 65 °C and in the
presence or absence of 150 mM NaCl. Protein samples were analyzed within the
first 5 hours of incubation. The native PAGE gel in in Figure 7A showed that in the
free-salt sample, the protein remained soluble and a small amount (~ 5 %) of dimer
was always observed during 5 hours of incubation. On the other hand, upon MNEI
incubation with 150 mM NacCl, the dimeric band of the protein quickly disappeared
from the solution (Fig. 7B). In parallel, the intensity of the monomeric band of
MNEI decreased, indicating fast aggregation and/or precipitation. This suggests that
while the aggregation kinetics of the protein in the presence of NacCl is significantly
faster than that of free-salt sample, it is more likely involves the monomeric protein
in solution only, as soluble dimers or higher multimers could not be detected even

shortly after the beginning of the incubation.
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Figure 7. Native acidic PAGE of 2.5 mg/mL MNEI incubated at pH 2.5 and 65 °C (A)
without or (B) with 150 mM NaCl. The samples loaded on the gels were withdrawn from
MNEI solutions at the early time points of incubation. In each lane, 10 pg of sample was

loaded. This figure is adapted with permission from [79].

The native gel electrophoresis analysis was also performed on MNEI subjected to an
extensive mechanical agitation with and without PTFE beads for 3 days with an
interval of 24 hours (Fig. 8). The Results illustrated that mechanical agitation
promoted the formation of soluble oligomers (O1 and O2) after 24 hours of
incubation. Although, the amount of oligomer 1 is very little in a way that barely can
be detected by naked eyes (Fig. 8A). Noteworthy, the formed oligomers (O1 and
02) were not observed either under static conditions or in the samples including 150
mM NaCl, at least within the analyzed incubation time (Fig. 7A and 7B).
Furthermore, dimeric form of MNEI could be detected only in the agitated samples
after 24 hours of incubation (Fig. 8A). The amount of monomers, dimers and
oligomers (01 and O2) diminished upon longer incubation time (48 h) (Fig. 8B).
This is most likely due to the accelerated aggregation process of MNEI under
mechanical agitation. Important to mention, there is always ~ 5 % of oligomer 2
could be detected in the agitated samples regardless of presence of beads (Fig. 8A,
8B and 8C).
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Figure 8. Native PAGE of MNEI soluble species loaded after (A) 24 h, (B) 48 h and (C) 72
h of incubation. MNEI with the concentration of 2.5 mg/mL was incubated at pH 2.5 and 65
°C under static condition or intensive mechanical agitation with and without PTFE beads.
Monomeric protein (M), dimers (D) and at least two kinds of different oligomers (O1 and
02) are visible depending on the incubation conditions. In each lane, 10 pg of sample was

loaded. This figure is adapted from [59].

5.3.5 Cell viability assay

In order to investigate the cytotoxicity status of different structural/morphological
MNEI species formed in various aggregation conditions, we evaluated the cell
viability of cultured human neuroblastoma SH-SY5Y cells by the MTT assay, which
measures the cellular metabolic activity. This experiment was performed with the
collaboration of Professor Clara lannuzzi’s research group, Department of Precision
Medicine of the University of Campania “L. Vanvitelli”, Naples, Italy. MTT assay
showed that amyloid cytotoxicity could be also induced by early formed oligomeric
aggregates [183,184]. Amyloid fibrils are often harmless, although examples of

cytotoxic amyloid fibrils are available i.e. in the case of a-syn fibrillar aggregates
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that the fibrils were found to bind and permeabilize cell membranes [185]. Also it is
known that not all prefibrillar aggregates cause cytotoxicity, and the toxicity is a
result of several features, including their size and hydrophobicity [186-188]. To this
aim, the cells were exposed for 24 hours to 30 uM MNEI at pH 2.5 incubated for 24,
48 and 72 hours at 65 °C in different aggregation conditions i.e. static, agitation
without beads, agitation with PTFE beads and with 150 mM NacCl. Interestingly,
only MNEI samples incubated for 24 hours under agitation (with and without PTFE
beads) reduced the cell viability by approximately 40 % with respect to the untreated
cells. Unexpectedly, MNEI fibrils formed in the presence of 150 mM NaCl were
almost harmless, since only about 10 % cell death could be detected, which is far
from known toxicity limit (more than 40 %). Moreover, no toxicity was observed for
all of the samples after 48, 72 hours or one week of incubation under the explored
conditions. Thus, these results suggest that at these time points the formation of
ultrastructured fibrils were not able to affect the cell viability (Fig. 9). Notably,
analysis of the soluble fractions by native PAGE (Fig. 8A, 8B, and 8C) proved that
mechanical agitation promoted the formation of soluble oligomers (O1 and 02),
which were detectable neither in the static conditions nor in the sample containing
NaCl. Either of these aggregates could be responsible for the observed cytotoxic
effects. Of note, MNEI incubated at static condition, in acidic environment and
temperature of 65 °C did not result in any toxicity during 1 week incubation,
deduced from less than 10 % cell death (Fig. 9).
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Figure 9. Cytotoxicity of MNEI aggregates formed at pH 2.5 and 65 °C in different
conditions: no agitation (Static), agitation no bead (— bead), agitation with bead (+ bead)
and 150 mM NaCl (+ NaCl). SH-SY5Y human neuroblastoma cells were exposed for 24
hours to 30 uM MNEI incubated for 24, 48 and 72 hours in aggregating conditions and the
cell viability was evaluated by the MTT assay. Control represents untreated cells. Other

experimental details are described in the Methods section. This figure is reprinted from [59].

5.3.6 Fluorescence Lifetime Imaging Microscopy (FLIM)

In order to understand whether the cytotoxicity was mediated by a direct interaction
of the protein aggregates with the cell membrane or not, we monitored the ability of
MNEI incubated under different conditions to induce perturbation on cell
membrane. To this aim, Fluorescence Lifetime Imaging Microscopy (FLIM) was
performed to map the cell membrane viscosity in SH-SY5Y human neuroblastoma
cells exposed to MNEI aggregates as this is strictly related to cell dysfunction in
amyloid toxicity [189,190]. This experiment was also carried out with the

collaboration of Professor Clara Iannuzzi’s research group. In particular, FLIM was
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used to estimate the fluorescence lifetime of the molecular rotor 4,4-difluoro- 5,7-
dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (Bodipy FL C12) in cells
exposed for 24 hours to MNEI samples, the same protein samples that were already
incubated for 24 hours in different experimental conditions (Fig. 10). Bodipy FL
C12 is a dye widely used to monitor membrane perturbation as its fluorescence
lifetime is directly related to the membrane viscosity i.e. shorter lifetimes are
associated to a low membrane viscosity while longer lifetimes suggest a higher
membrane viscosity [169,170,191,192]. Following the calibration of the
fluorescence lifetime of Bodipy FL C12 as a function of viscosity in
methanol/glycerol mixtures, we performed FLIM to map the spatial variations of
viscosity in cells. Upon incubation of living cells with the probe, a punctate dye
distribution was observed in the fluorescence images and this is consistent with
previously reported data [170,193]. Mapping the fluorescence lifetime is
independent of the fluorescence intensity, thus allowing the separation of probe
concentration and viscosity effects. In the color-coded images for mean lifetime, the
average lifetimes appeared shorter for SH-SY5Y cells treated with MNEI incubated
in agitation (around 1.8 ns) compared to those treated with the protein incubated
without agitation (around 2.6 ns) and with 150 mM NaCl (around 2.4 ns). These
data suggested that only MNEI aggregates formed at pH 2.5, and 65 °C under
intensive mechanical agitation for 24 h (both: with and without PTFE beads)
induced cell membrane perturbation, strongly reducing the membrane viscosity (Fig.
10C and 10D). Indeed, no strong variation of membrane viscosity was observed for
MNEI incubated at pH 2.5, 65 °C and under static condition and the other sample
that includes sodium chloride (Fig. 10B and 10E). Overall, the obtained results
demonstrated that MNEI fibrillar self-assembly in the agitated conditions occurred
by formation of soluble aggregates that were able to directly interact with the cell

membrane and induce a strong perturbation, affecting cell viability.
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Figure 10. FLIM images illustrating the effect of MNEI amyloid aggregates on the cell’s
membrane viscosity. Fluorescence intensity (left panels) and average lifetime (right panels)
for live SH-SY5Y human neuroblastoma cells incubated with 5 uM BODIPY FL C12. Cells
were previously exposed for 24 hours to 30 uUM MNEI aggregates formed after 24 hours of
incubation at pH 2.5 and 65 °C in different conditions: untreated cells (panel A), no agitation
(panel B), agitation without bead (panel C), agitation with bead (panel D) and no agitation
with 150 mM NaCl (panel E). The discrete color scale shows shorter lifetimes in green and
longer lifetimes in red. Other experimental details are described in the Methods section. This

figure is reprinted from [59].

5.4 Conclusions

MNEI has been introduced not only as a protein sweetener for food industries
[63,55,65,73,194], but also it has been accepted as a protein model for
folding/unfolding and aggregation studies [35-39]. Herein, we modified/added new
experimental parameters such as temperature, intensive mechanical agitation,
protein concentration and buffering solutions to assess their effect on the kinetics of
protein aggregation and morphology of the formed aggregates, also to check if any
possible toxic species were formed during the process. Based on the collected results
from ThT binding assay, temperature, mechanical agitation and protein
concentration had a big impact on the aggregation kinetics of MNEI at acidic pH.
Notably, MNEI at low temperature i.e. 37 °C did not aggregate during 3 months of
incubation, even if mechanical agitation was introduced (Fig. 1). However at higher
temperature (65 °C), intensive mechanical agitation with and without PTFE beads
increased the aggregation kinetics of MNEI (Fig. 2), although the aggregation
process of MNEI induced by mechanical agitation was slower in comparison to
MNEI solution containing 150 mM NaCl incubated at the same temperature (Fig.
4B). The morphologies of the formed aggregates were detected by TEM, from
which we could observe that mechanical agitation with and without PTFE beads

induced fast fibrillization (Fig. 5C and 5D). Under both conditions, masses of
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fibrillar populations with different morphologies could be observed, indicating
acceleration in the ordered aggregates rather than amorphous aggregates. Samples
from different incubation times were withdrawn and loaded on native gels to detect
possible presence of soluble oligomers. Indeed, only in the agitated samples, with
and without PTFE beads, high molecular weight soluble species were found at the
early stages of incubation (Fig. 8A, 8B and 8C). The cytotoxicity of MNEI
aggregates formed under various conditions such as static (neither agitation nor
NaCl_control), mechanical agitation (with and without PTFE beads) and in presence
of 150 mM NaCl were assessed as well. It was found that only soluble MNEI
aggregates formed after 24 hours of incubation at 65 °C and under mechanical
agitation (with and without PTFE beads) were toxic. Interestingly, the soluble
aggregates detected after 48 and 72 hours of incubations were nontoxic (Fig. 9).
Worth mentioning, mature MNEI fibrils were also free of any toxicity [59]. This
study was strongly in favor of MNEI applications in food and beverage industries,
since it ruled-out any possible toxic effect because the toxicity was developed only
when the protein was intensively agitated at high temperature 65 °C and protein
concentration (2.5 mg/ml) for 24 hours. Overall, the obtained data clearly
demonstrated that MNEI keeps a native, soluble structure for several months unless
extreme treatments (i.e. at least 2 days of incubation at high protein concentration,
temperature above 60 °C, and intensive mechanical agitation or presence of salt with
high concentration) are introduced, thus pointing to a safe storage, transport and use

of the protein for food and beverages preparations
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Final Remarks and Future Perspectives

Sweet proteins are a new class of natural sweeteners that showed a great potential to
substitute sugar in different industrial applications. However, these sweeteners
suffer from some drawbacks such as limited availability of the natural sweet
prtoeins, low thermal/chemical stability, their sweetness profile characterized by late
insurgence and lack of data useful for real industrial applications, including sensorial
analysis and shelf-life. Nevertheless, there is a possibility to use biotechnological
approaches to overcome some drawbacks and also to combine it with protein
engineering technique, although in this case there are some limitations i.e. lack of
data about the safety/physiological and sensorial analyses. Monellin and Thaumatin
are the sweetest proteins known up to this date. Thanks to their sweetness power,
they have received a special attention from food customers and manufacturers. In
this project we focused on the main topics; from one side we designed a sweeter and
stronger mutant of MNEI, single-chain Monellin, and from the other side we further
characterized MNEI in terms of shelf-life, enzymatic degradation, protein-receptor
binding in presence of ionic compounds and aggregation. Also, we monitored the
behavior of sweet proteins in real food products after replacing sugar with
Thaumatin as a sweetening agent in the recipes of 2 products, tomato ketchup and
strawberry cordial, and analyzing the taste quality and rheological properties of the

products.

In the beginning, we rationally designed and produced a new mutant of MNEI,
called Mut9, with an extraordinary thermal and chemical stability endowed with
doubled sweetness power. Interestingly, the thermal stability of Mut9 at neutral pH
increased by 21 °C compared to its parent protein, MNEI. Moreover, Mut9 showed a
great resistance upon boiling at acidic and neutral pH up to 10 minutes. Again, the
sweetness power of Mut9 was doubled with the sweetness threshold of only 0.80
mg/L, where the sweetness threshold of MNEI is known to be 1.64 mg/L. For the

future, it is highly recommended to use Mut9 in real food and beverage products and
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analyze their taste quality and texture. Since Mut9 is benefitted with an astonishing
thermal and chemical stability, it is of great importance to find out whether the

improvement of protein’s stability is reflected on the aggregation propensity or not.

The characterization studies of MNEI was carried out by running a 6-month shelf-
life study on MNEI and three of its mutants including Mut3, Mut4 and Mut9 at a
wide range of physicochemical conditions including different temperatures, pHs and
protein concentrations. Among these parameters, incubational temperature had a big
impact on the resistance and oligomerization propensity of the proteins. Based on
the data, Mut9 and Mut3 were the most resistant proteins with respect to other tested

sweet proteins.

Enzymatic degradation experiment was also performed on MNEI by simulating the
human in vivo digestive system through using fluids containing digestive enzymes.
The results indicated that the protein remained fully intact after the oral phase;
however, it was completely digested into very small pieces after gastric and
intestinal phases including pepsin and pancreatic enzymes, respectively. The
identification study of the formed peptides using mass spectrometry is still in
progress. In this regard, we made in silico studies for peptide identification and
toxicity assessment and it was found that the obtained peptides were non-toxic. It is
suggested to study the cytotoxicity effect of the formed peptide fragments on human

cells.

We also investigated the effects of different commercial waters with various mineral
residue amounts on the sweetness intensity of sweet proteins. In this study, we used
4 sweet proteins i.e. MNEI, Mut3, Mut9 and Thaumatin in 4 types of waters, and
monitored the secondary structure and the sweetness intensity of the proteins. The
conformational structures of all sweet proteins remained unchanged in various types
of waters, however, the sweetness intensity changed significantly based on the
existed amounts of ionic compounds in waters. This behavior could not be observed

with the low molecular weight sweeteners, even the charged one (Aspartame). These
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data indicated that ionic compounds could hinder protein-receptor binding leading to

less sweetness power.

To further characterize  MNEI, we studied its aggregation process upon
introducing/modifying some incubational parameters such as intensive mechanical
agitation, protein concentration, temperature, ionic strength and different buffering
solutions. The aim of this study was to observe the behavior of the protein upon
possible industrial treatments. According to the obtained data, temperature played
the determinant role on the aggregate formation, where the protein aggregated only
at high temperature (above 60 °C). Mechanical agitation and high ionic strength
increased the aggregation kinetics exponentially and led to the formation of amyloid
fibrils, although the morphologies of the formed aggregates differed. The
cytotoxicity study on the formed aggregates indicated that mature fibrils are free of
toxicity, whereas soluble aggregates formed after 24 hours of incubation under

intensive mechanical agitation were toxic.

Thaumatin was used in the recipes of two edible products, tomato ketchup and
strawberry cordial, followed by analyzing their taste quality and rheological
properties. The results showed that Thaumatin lost its sweetness in tomato ketchup.
On the other hand, cordial-based Thaumatin perceived sweet with late insurgence
and liquorice aftertaste. Also, the rheological properties of both products were
disturbed by sugar reduction. For the future, it is highly recommended to make some
trials using blends of low-calorie sweeteners including Thaumatin with other intense
sweet proteins i.e. Mut3 and Mut9, or low molecular weight sweeteners i.e.
sucralose to cover the delayed sweetness of Thaumatin in some selected food
products. To compensate the altered rheological properties, it is also suggested to

run a series of trials using food additives i.e. bulky agents.

The studies performed during this Ph.D. project were aimed to improve the sweet

protein variants or to solve the problems on the way of industrial applications of

140



sweet proteins. The whole contribution of this thesis is a small step toward the real

use of sweet proteins in actual foods and beverages.
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Patents

- Patent application N. 102021000003698 is pending.
Attended congresses/conferences/schools/teaching activities:

- May 13-14, 2019: Spring School in Transferable Skills held at the University

of Naples Federico 1I.
- May 2019: Participation in tutoring program in the Chemical Sciences
department at the University of Naples Federico Il as a laboratory teaching

assistant for General Chemistry Course.

- June 27, 2019: Participation in congress “The Task Force on Microbiome
Meets the Stakeholder” held in Naples.
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July 24-26, 2019: Summer School on Protein Evolution held at SZN.

October 3-4, 2019: Participation in IFIB 2019 Conference and Poster
presentation: M. Delfi, S. Leone, and D. Picone: “New Mutants of Sweet

Protein Monellin with Improved Sweetness and Stability”

October 28, 2019: Participation in congress “BiolD&A Biotechnology Identity
and application”.

October 1-2, 2020: Participation in IFIB 2020 Conference.
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