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ABSTRACT

The current sweeteners available are very efficient in providing sweet taste. However, they are associ-
ated with several chronic diseases. Some glycoproteins, such as miraculins, are extremely interesting
from a biotechnological point of view because they perform the bitter into sweet taste modifying
function excellently, in addition to being safer as food. In contrast, purifying and synthesizing these
proteins represents a major challenge for the food industry, as these proteins are large and complex
molecules, which would make the final product expensive and economically unviable. In this context,
emerging techniques from computational biology and molecular modelling have been promoting a
remarkable revolution in protein bioengineering. Bioinspired peptides can provide many possibilities
in sweeteners development through rational design. Once these peptides are smaller molecules than
an entire protein, its synthesis on a large scale tends to be much easier and more economical, besides
presenting a potential for better bioavailability in the organism. The techniques discussed here allow,
through sophisticated pipelines and algorithms, to perform the rational design of mimetic peptides
and with smaller size, which can carry out the activation of sweet taste of miraculins and to be more
viable for industrial production. In this review, the premises and tools for the elaboration of synthetic
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peptides bioinspired in proteins with sweetening activity that mimic this action will be emphasized.

Introduction
Bioactive molecules as sweeteners

The main bioactives are chemical compounds present in vari-
ous foods and natural products that can perform important
biological functions in the human body. Among these mole-
cules, sweeteners are a relevant group, as they have been
widely used as sugar substitutes in foods and beverages,
seeking to meet the needs of individuals who aim to reduce
caloric intake or avoid sugar consumption for health reasons.
One of the widely studied and used sweeteners is aspartame,
a dipeptide composed of phenylalanine, aspartic acid and
methanol. Aspartame, for example, has significantly greater
sweetening power than regular sugar and is found in a var-
iety of commercial products, including diet drinks, confec-
tionery and low-calorie foods.

Bioactive molecules, especially those with sweetening
properties, have garnered significant attention in the field of
food science and nutrition due to their potential to provide
healthier alternatives to traditional sugar-based sweeteners.
As concerns over the adverse health effects of excessive
sugar consumption have grown, researchers have turned to
natural compounds that possess sweet tastes without the
caloric burden or metabolic drawbacks associated with sug-
ars. Recent articles in the scientific literature highlight the

exploration and utilization of various bioactive molecules
sourced from plants, fruits, and other natural sources as
potential sweeteners.

In a study by the authors investigated the sweetening
potential of steviol glycosides extracted from the leaves of
Stevia rebaudiana (Smith et al,, 2022) The research demon-
strated that steviol glycosides not only possess intense
sweetening properties but also exhibit a minimal impact on
blood glucose levels, positioning them as promising candi-
dates for addressing concerns related to diabetes and obes-
ity. Similarly, an study explored the sweetening capabilities
of mogrosides extracted from Siraitia grosvenorii, also known
as monk fruit (Chen et al., 2021). The researchers revealed
that mogrosides not only offer a natural sweetness but also
present antioxidant properties, further contributing to their
appeal as a potential sugar substitute.

Continuing this trend, a work delved into the sweetening
effects of thaumatin, a protein derived from the katemfe fruit
(Thaumatococcus daniellii) (Garcia et al., 2023). The research-
ers demonstrated that thaumatin elicits a sweet taste sensa-
tion, often described as clean and well-rounded, making it a
desirable alternative for enhancing the palatability of various
food and beverage products. Collectively, these recent stud-
ies underscore the ongoing exploration of bioactive mole-
cules as sweeteners, offering a glimpse into the potential of
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these compounds to reshape the landscape of sugar alterna-
tives in the quest for healthier dietary options.

Miraculins (Mir) are glycoproteins from plant origin, pri-
marily isolated from the miracle fruit, scientific name
Richardella dulcifica, a shrub native to West Africa. Its ability
to modify flavour was associated with a miracle, because it is
responsible for the conversion of sour and bitter taste into
sweet, when miraculins meets the taste buds (Garcia et al,
2023; Misaka, 2013).

The search for natural compounds that have sweetening
properties, such as miraculin, is of great interest to society in
view to the relevant growth of chronic increasing diseases
such as diabetes, and the high consumption of simple sugars
is related to the increase in the disposition of metabolic syn-
drome (Ronchillo & Joivin, 2019). There is a great demand in
the industry for better alternatives focused on the sweet-
eners production, or flavour modifying compounds, since the
synthetic sweeteners available in the current market, are
linked with the development of several types of cancers and
degenerative diseases (Castiglia et al., 2018; Han et al.,, 2019).

Therefore, miraculin proteins have great potential for bio-
technological applications in the food industry as sweeteners
or flavour enhancers in various products, which can be a
good associate with dietary prescriptions, in view of low-cal-
orie concentrations and minimal glycaemic load (Garcia
et al,, 2023). However, miraculin production is scarce and its
purification is limited.

Therefore, to aim biotechnological applications for miracu-
lins is necessary to design analogues (mimetic) peptides, cap-
able to interact with the active site from human sweet taste
receptor. In this review, potential applying of miraculin as
sweeteners using protein-engineering  techniques s
highlighted.

Miraculin protein

Some plants have ability to produce sweet-tasting com-
pounds, such as glycoproteins. Among them, stands out
Miraculin ~ (Synsepalum  dulcificum), belonging to the
Sapotaceae family. The plant was recognized in 1968 in West
Africa because of its red berry fruits (Campos & Gonziles,
2015; Ohkubo et al., 2015).

The fruit has been studied since the 1980s by several
countries in the world and has different names or terms
such as Magic Berry, Miracle fruit, Miracle Berry, Miracle Fruit,
Miraculous Berry, Sweet Berry and Miraculous Berry
(Ronchillo & Joivin, 2019).

Miraculins are characterized as glycoproteins from plant
origin or N-glycoproteins, belonging to the family of Kunitz
trypsin-inhibiting proteins. The native miraculins has a
molecular weight of 42,000Da, with a polypeptide chain
structure containing about 191 residues, which have a flavor-
modifying function when they are in homodimeric format,
each monomer has N-glycosylated polypeptide chains, which
are interconnected by a disulfide bridge in asparagine resi-
dues (Asn42 and Asn186) and by interchain interactions of
cysteine residues, mainly CYS138 (Figure 1), which is directly
linked to the other subunit. It is also known that the

Figure 1. Miraculin homodimeric structure linked by a disulfide bridge. Source:
Adapted from Paladino et al. (2008).

dimerization and prevalence of histidine residues (His30 and
His60) are crucial for protein functionality (Ohkura et al.,
2018; Theerasilp & Kurihara, 1988).

In the presence of acidic substance, miraculin can interact
with the palatability receptor cells located on the tongue,
causing a chemical reaction, synapsing with the brain, and
causing a sensation of flavour modification, resulting in a
sensation of strong sweet taste, masking acidic flavour and
completely bitter flavour. Even after contact with acidic sub-
stances, its effect on sweet taste buds can last for about 1 to
2h (Igeta et al., 1991).

The mechanisms of interaction with the receptor
(T1R2/T1R3), is not yet fully known, studies show that mirac-
ulin behaves as an agonist at acidic pH and inactive at neu-
tral pH, binding antagonistically to the receptor under these
conditions. Over the years, proteins homologous to miraculin
has been discovered, isolated in several plants belonging to
the family Rutacea, Solanaceae, Rubiaceae. Based on
sequence and similarity, these proteins are called miraculin-
like proteins (MLPs), when they exhibit 30 to 95% identity.
Due to the amino acid sequence, MLPs are classified within
the family of soybean trypsin inhibitors of the Kunitz type
(IST), exhibiting approximately 30% identity with IST
(Cevallos-Munoz et al., 2007; Ito et al., 2007).

The orange tree species (Citrus sinensis) is included in the
Citrus genus, and in the biological family Rutacea. Among
the genes found naturally in this plant, there are miraculin
type genes, which were related to the potential bioinsecti-
cide capacity (Sanematsu et al., 2014; Takai et al., 2013).

The sweet taste in human food

The preference for sweet flavour has an innate and historical
origin, specialized taste cells begin to be developed in the
intrauterine phase (approximately at 7-8 wk), they reach
maturity at around 13th weeks and already begin to transmit
palatability information to the brain, the stimuli continue in
breastfeeding and lasting for the rest of life (Mondego et al.,
2011; Sun et al., 2007).

The sweet taste receptor, located in taste buds, is formed
by two types of receptors: T1R2 and T1R3, coupled to G pro-
tein (GPCRs), and they are responsible for sending sweetness



signals to the central nervous system. Five basic tastes are
identified: bitter, sour, sweet, umami and salty. Historically,
two tastes have shown greater relevance to the evolution of
species, bitter and sweet (Bachchu et al,, 2011; Silva & Teles,
2013).

Sweet taste was important for survival, as the availability
of substances rich in carbohydrates is associated to good
sources of energy, and consequently energy storage, in add-
ition to familiarity, as well as greater exposure throughout
life, makes it preferable for the sweet taste. The bitter taste
was associated with foods with toxic components, existing in
the natural environment (Cul & Col, 2006; Ventura &
Mennella, 2011).

One of the first strategies to sweeten food was the use of
honey, used since ancient Greece and China, but with the
development of the sugar industry, honey was replaced by
common sugar, sucrose. However, the overuse of sucrose
has relation to the increase of chronic diseases, such as obes-
ity and diabetes. Which led society to seek new products
and alternatives to replace sugar. Currently, the industry
offers several substances that can confer or intensify the
sweet taste in foods; they are called sweeteners (Moreira,
2005; Ohtsu & Col, 2014).

Sweeteners are basically divided into two major groups:
nutritive sweeteners (NS) and non-nutritive sweeteners (NNS),
NS add caloric value to foods, within this group are sucrose,
lactose, fructose, and polyols, whereas NNS are sweet flavour
components, which offer insignificant amounts or no calories
in food, such as: cyclamate, saccharin, aspartame, stevia and
others. NNS, like dietary sweeteners, are food additive, which
can totally or partially replace sugar in a range of products,
and can be of high intensity, which are those that exert up to
a hundred times greater capacity to sweeten than sucrose and
low intensity ones. They are generally used in combination
with another type of sugar or compound (Chattopadhyay et al.,
2014; Mahar & Duizer, 2007).

Sweeteners can also be classified according to their origin
into: (i) natural, composed of organic substances found in
nature that cause sweetness, and (ii) artificial, which are syn-
thetic substances, prepared in the laboratory, which are also
responsible for to give sweet taste to foods (Weihrauch &
Diehl, 2004).

The synthetic sweeteners most used by the industry are
sucralose, saccharin, aspartame, cyclamate and acesulfame.
However, due to side effects of long-term consumption,
linked to psychological problems, brain tumours, the devel-
opment of glucose intolerance, papillae sensation loss, heart
failure, and severe cancer has led to a great concern of use
in consumers and health professionals. That is why natural
compounds or derivatives are of great interest for industrial
applications in the sweeteners manufacture, such as for
example miraculin, which has a natural sweet feeling prop-
erty (Misaka, 2013; Ronchillo & Joivin, 2019; Yang, 2010).

Biotechnological applications of miraculin

Due to the high sugar consumption and its probable contri-
bution to the appearance of chronic non-communicable
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diseases, such as diabetes, cancer, coronary heart disease,
and even other comorbidities such as obesity; the search for
other alternatives to sweeten food has increased. The
demand for sweeteners from natural sources, such as miracu-
lous ones only tend to grow, what led the biotechnological
community to develop products, or dietary sweeteners with
miraculin, due to the high intensity, persistence, and preva-
lence of sweetness (Igeta et al., 1991; Shibao et al., 2009).

In this sense, biotechnological use of miraculins can be
diverse, covering different areas of application, but mainly
linked in the food and pharmaceutical industry areas.
Regarding food and flavour modifying capacity, miraculins
had been used since the nineteenth century, to improve the
palatability of acidic foods and sweeten beverages, by the
native West African Indians (He et al, 2015; Mooradian,
2019).

The miraculous fruit application in commercial acidic
drinks, which contained in its composition great amount of
citric acid, had better effects on the perception of sweet
taste, compared to other types of acid, such as acetic acid,
demonstrated in the study (Gnanavel & Peddha, 2011).

The application of the miracle fruit was performed in
acidic drinks based on lemon, in relation to sensory charac-
teristics, the results were like sucralose, which is one of the
most used sweeteners in the population. It provided a prom-
ising alternative as a substitute for sugar for a natural com-
ponent. What connoted in an indication for the potential use
as a flavour enhancer in Citrus-based drinks, or other prod-
ucts like soft drinks, where this type of acid is usually added
for the balance of flavour, odour, and quality maintenance
(He et al.,, 2015).

The pulp and seed of the miraculous fruits were intro-
duced in the elaboration of a functional yogurt, the flavour
modifying activity makes it possible to introduce sweet char-
acteristic foods, as well as savoury foods, such as cheeses, as
well as in milk derivatives, acting as a flavour moderator
(Akinmoladun, 2016; Igarashi et al., 2013; Muller et al., 2018).
Furthermore, a research (Freitas & Araudjo, 2010) describes
alternatives for replacing sugar with natural compounds
including miraculin, influencing the manufacturing potential
for use as a sweetener, considering that the available syn-
thetic sweeteners indicate having undesirable clinical effects.
The miraculins property as an alternative sweetener and
sugar substitute is commonly recognized and can be applied
mainly to people affected by diabetes (Garcia et al., 2023).

Once diabetes is a chronic disease, a change in eating
habits is necessary such as decreased consumption of carbo-
hydrates and restriction to the use of refined sugar directed
the individual to the use of sweeteners. The use of miraculin
would be of great value, since its effect is not linked to
sweet molecules, but rather to the sensation of the sweet
taste, when the active compound, miraculin binds with sweet
taste receptors (Smith et al., 2022; Igarashi et al., 2013).

The safety of new proteins use was evaluated, where it
was demonstrated by means of proteomic analysis, and by
in vitro digestibility assay, that miraculin is quickly and com-
pletely digested by pepsin, which indicates that these pro-
teins may not be absorbed, reducing the risk of toxicity, and
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the release of insulin by the pancreas (Fazilah et al., 2019). In
addition, they also analysed in silico the allergenic or toxi-
genic effect of Mir, showing that it did not represent such
risks. Miraculin can also be used in the pharmaceutical indus-
try to increase the palatability of medicines, such as syrups
(Chattopadhyay et al., 2014).

Industrial production limitations

The production of miraculin by means of the native plant on
a large scale is limited, considering that large plantations
would be necessary to obtain small amounts of purified
miraculin, in addition to which, for the protein displays a
potential flavour-modifying effect, it must present structural
conformation suitable to bind to the sweet taste receptors,
T1R2 and T1R3. In addition, to being a high molecular
weight glycoprotein, its production in the original format
would have great costs (Cevallos-Munoz et al, 2007;
Holloway et al., 1996; Shibao et al., 2009).

Regarding cultivation, the Synsepalum dulcificum plant has
a prolonged youthful period and slow growth rate, which
hinders industrial production. Furthermore, it is an endan-
gered species, seen as likely recalcitrant species, that is, the
seeds drastically decrease viability when air-dried, little is
known about the storage and conservation of the germina-
tive activity of the seeds, which hinders conservation, storage
and planting (Agblekpe et al., 2016; Holloway et al., 1996).

Miraculins extracting and purifying methods from
Synsepalum dulcificum were analysed (Shibao et al, 2009).
For the extraction of total protein, some buffers were com-
pared (phosphate buffer, saline, NaCl and tris-HCL), and for
the protein purification, used immobilized metal ion affinity
chromatography (IMAC) with nickel-NTA, and demonstrated
that this method of purification in a single step process is
satisfactory, however the total volume of purified miraculin
was still unsatisfactory.

What becomes an impasse for industrial production, in
addition to the miraculous fruit, outside the native environ-
ment is difficult to cultivate. In this way, some studies have
moved towards the heterologous production of proteins like
native miraculin, both artificially inserting the gene in organ-
isms such as bacteria, yeasts, however the recombinant Mir
expressed through these transgenic organisms has not
shown satisfactory results in inducing the modifying activity
of flavour (Agblekpe et al., 2016; Holloway et al., 1996). The
expression is also found in plants with easier cultivation,
such as tomatoes (Solanum lycopersicum), lettuce (Lactuca
sativa) and grapes (Vitis vinifera), to express and obtain
greater amounts of purified miraculin (Leal et al, 2019). A
study (Ohkura et al., 2018) was developed of heterologous
production of miraculin in grapes (Vitis vinifera), where it pre-
sented a homology of 61%, suggesting that this recombinant
miraculin could have flavour-modifying activity, he also eval-
uated and confirmed that protein produced managed to
demonstrate inhibitory activity against trypsin.

However, its production by heterologous expression is still
economically expensive and needs to be in the proper con-
formation as a homodimer to trigger the flavour

modification, which would be an obstacle for mass produc-
tion. In addition, the original miraculin molecule has a
molecular weight around 90 KDa, which makes production in
the laboratory more difficult and more expensive (Agblekpe
et al., 2016; Ohkura et al., 2018). Therefore, the production of
functional peptides analogous to miraculin would be of great
use for biotechnological production.

Computational tests for selection and rational design of
industrial molecules

The advancement and improvement in the computers data
processing capacity, enabled the bioinformatics develop-
ment, where the use of computational tools is focused on
the study of biological systems, and possible applications for
problems related to human health, such as molecule design
for drugs or bioactive substances (Tafazoli et al., 2019).

The study of bioinformatics aimed at rational design, can
be applied both in the discovery of potential substances, for
the preparation of drugs, but also, it can be used to maxi-
mize the uniformity and functionality of existing substances,
both obtained by the rational design itself, as well as also of
substances found naturally. In this way, the methods of
development of bioactive compounds have moved from the
laboratory to computational studies with greater intensity,
because the activity models generated have been showing
efficiency and fidelity in the prediction of biological target
molecules (Matsuyama et al, 2009; Tchokponhoué et al,
2019).

By providing rationality, the techniques used can previ-
ously rank the essential components and delete the inactive
ones. In addition to that, the computational techniques can
explore faster many sequences, simplifying the process of
identification and selection of molecules, connoting improve-
ment in efficiency and research performance, reducing time
and cost with experimental methods. After demonstrating
high selectivity and affinity with the molecule of interest,
studies should go in partnership with experimental (in vitro
and in vivo) techniques (Ezura & Hiwasa-Tanase, 2016;
Matsuyama et al., 2009; Tchokponhoué et al., 2017).

Rational peptide design

For the rational design of peptides, there are four types of
methodological procedures most used, which are the (i)
methods based on a template sequence, (ii) physicochemical
methods, (iii) evolutionary methods or (iv) de novo methods
(Muttenthaler et al., 2021).

Methods based on a template sequence is usually chosen
when there are studies on a known sequence, which
presents considerable activity, but which still needs to be
improved, and can be in the perspective of size reduction,
increased selectivity, greater stability, reduction, or inhibition
cytotoxic effects. The construction takes place through the
identification of the key amino acids (aa), replacement of aa
residues and deletion of aa that has no crucial activity for
the stability and action of the molecule (Pearce et al., 2019).
In an interesting study (Zhang & Skolnick, 2004), it was



designed a peptide rich in alanine (Pa-MAP2), based on a
peptide synthetically produced and obtained from fish
P. americana, the substitutions of aa led to greater specificity
and less toxicity for mammals.

The physical-chemical methods are based on the mechan-
ism of action, this method is generally chosen for peptides
that have o-helix conformation, as this method easily analy-
ses a spectrum of activities and properties, such as total
charge, hydrophobicity, generally its information is coupled
to the method based on model sequence or other rational
design methods (Muttenthaler et al., 2021).

The two methods that need a high computational power
are the evolutionary methods and de novo methods. For the
design through evolutionary forms, it is necessary the aid of
genetic algorithms, which analyse a group of sequences,
deletion of aa in the evolution and similarity. The methods
again, use aa patterns or frequency, and positioning prefer-
ences, to generate a variety of analogous sequences
(Arodola & Soliman, 2017; Muttenthaler et al., 2021).

EvoDesign is an online server (Bazzoli et al., 2011; Menetti,
2006), which uses evolution-based profiles to direct the
search simulation sequence; it searches for complete atomic
models of a PDB scaffold, produces a list of projected
sequences and indicates the identity percentage of the
sequences generated based on the scaffold structure.

Scaffold is the structure of the specific chain of a complex,
which serves to increase affinity, fixation with another com-
plex or binding partner and improve stability, since most
protein functions are mediated by protein-protein interac-
tions. The scaffold is part of the interface design protocol,
the protocol can be applied for several purposes, one of the
applications is the design of bioactive proteins, which can be
redesigned to increase the affinity to a fixed receptor, this
methodology showed satisfactory results to the redesign of
various protein systems. This indicates a great potential for
the synthesis of new therapeutic molecules, enzymes and
other active compounds (Fjell et al., 2011).

For the user to perceive the quality of the generated
sequences, the server also provides information on solvent
accessibility, torsion angle of the backbone and possible rela-
tive errors normalized for the projected secondary structure.
In addition to the server being based on evolutionary pro-
files, the method shows an advantage for coupling know-
ledge based on physics. After the structured profiles are
produced from the protein fold and protein interfaces, the
physical-chemical chain and the main chain are accommo-
dated through a force field. The final sequences produced
are organized through a grouping by an algorithm of all
sequence decoys designed during the Monte Carlo (MCQ)
simulation of replica exchange (Arodola & Soliman, 2017;
Fjell et al., 2011).

EvoDesign server features two design options, “Monomer
Design”, which uses monomeric proteins, and features
“Interface Design”, which can work with more complex, pro-
tein-protein interaction structures. Both options are worked
in three stages, the pre-processing, simulation, and analysis
of the data produced during the simulation, which will
result in the final projection of the sequences (Figure 2).
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The high-scale design, with foldable molecules, indicates that
the combination of evolutionary profiles with the knowledge
of physical energy, is more satisfactory than the protocols
that are based only on physics (Costa, 2018; Holloway et al.,
1996).

Molecular modelling

Due to limitations of experimental techniques, computational
tools have been increasingly developed, with constant
improvement of the base algorithms used, using methodolo-
gies based on physical equations and theories and computer
skills. According to this perspective studies of molecular
modeling, molecular dynamics and molecular docking are
crucial to a better understanding of molecules functions and
applications. Molecular modelling, for example, analyses and
predicts the three-dimensional (3D) structure of a protein by
simulations, enabling important information about the loca-
tion of aa, through the development of computational codes
(Muttenthaler et al., 2021; Porto et al., 2012).

Computational modelling methods have been a good
alternative for the study of protein structures, as they are
cheaper than the approaches of X-ray crystallography and
NMR (Magnetic Resonance) spectroscopy; in addition to that,
in computational models it is possible to predict results
experimental models. Modelling can be done using methods
that do not depend on a template free template structure -
prediction ab initio and again, and those that do are tem-
plate based - comparative modelling and threading.
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The ab initio (template free) methods are based on the
knowledge of thermodynamics, which seeks to find the min-
imum global free energy, corresponding to the energies of
native protein structures. As for methods based on compara-
tive modelling, or model based on homology (template
based), it is based on the use of a sequence of template
amino acids, which is aligned with the aa sequence that one
aims to project, it is one of the most used methods to study
the structure of proteins (Ahn et al, 2006; Migliolo et al.,
2016; Mitra et al., 2013).

Threading modelling is also a methodology (template
based), where a sequence of aa considered as a template is
crossed with the data from a topology bank, resulting in a
new structure. If there is an evolutionary relationship, it is
determined that the modelling is by homology, if there are
no structural characteristics of the evolutionary relationship,
the modelling should be by threading (Ahn et al., 2006;
Mitra et al., 2013).

Molecular docking

The term docking is used to check a set of computational
techniques that try to determine, through atomic coordi-
nates, the best association or fit between two structures,
being normally applied to a receptor and a ligand (Dorn
et al., 2014; Pearce et al., 2019).

In summary, docking perceives the connection mode by
the orientation and conformation of a small molecule that is
the ligand, with the connection site of a large molecule that
is the receptor, allowing the coupling and formation of a sta-
ble complex (Dorn, 2008; Halperin et al., 2002; Pearce et al,,
2019).

The connection affinity of the complex can be measured
using punctuation functions; the layout of the molecular
docking is shown in. The ability to complex a molecule with
another target structure depends on the ability to interact
positively with a specific binding site, thus, the structures
that share these positive interactions, are probably capable
of exerting active biological effects (Santoyo et al., 2013).

What makes protein-ligand or protein-protein binding sta-
ble are intermolecular or non-covalent interactions as inter-
actions of hydrogen bonds, electrostatic, hydrophobic, and
other interactions. A range of possibilities for available dock-
ing software is available, the most used ones are AutoDock,
DOCK, LUDI, Glide, FlexX, GOLD and AutoDock Vina (Dorn,
2008; Grinter & Zou, 2014).

An important factor in choosing the possibilities is the
protein-mooring model. The approaches related to rigidity
are divided into three, flexible docking, semi-flexible docking,
and rigid docking. Flexible docking is when the receptor and
the ligand are adaptable and flexible bodies, analysed by the
degrees of freedom of both molecules. Semi-flexible docking
is when one element of the complex is considered rigid, and
the other is not. The algorithms generally consider that the
molecular surface of the ligand is flexible, where all degrees
of freedom of the ligand, rotational, translational, and con-
formational are considered, due to being a protein sequence
with smaller dimensions, with greater probabilities of

changing the shape, this model is applied only in protein-lig-
and docking, mainly in the design and development of drugs
(Muttenthaler et al., 2021).

In rigid docking, the molecular surfaces of both structures
are considered as rigid in their entirety; only the rotational
and translational degrees of freedom of the ligand are con-
sidered, being fixed in a rigid structure. It is understood that,
even if the surfaces are rigid, one of the proteins in the com-
plex will penetrate the other (Hung & Chen, 2014).

There are other theories and variation of the rigid dock-
ing, called soft flexible docking, where variations in the sur-
face of both structures (receptor/ligand) are allowed,
provided they are between a surface atom and a central
atom or both surface atoms (Muttenthaler et al., 2021).

Ab initio methods

The ab initio methods are very precise and consistent
because they are semi-empirical, they are based only on the
laws of quantum mechanics, electron masses and charges,
atomic nuclei, and fundamental physics constants, speed of
light and constant of Plank, used in computational chemistry.
From Latin, the expression means “from the beginning”. The
methods are based on two principles: the first is based on
the theory that the information of the amino acid sequence
is responsible for producing the three-dimensional structure
of the protein, occurring an envelope of structures to a
native state, which is, found with the minimum of global
energy (Sliwoski et al., 2014; Yunta, 2016).

These methods are intended to solve the Schrodinger
equations for the system, resulting in energy and wave func-
tion data. However, this equation is not well applied to mol-
ecules with more than one electron, so, for simulations with
larger systems, it is considered a harmonic approximation
system to facilitate calculations (Muttenthaler et al, 2021;
Yunta, 2016).

With the development of methods that use approxima-
tions, such as those based on electronic density, Density
Functional Theory (DFT), Local Density Approximation (LDA)
and Generalized Gradient Approximation (GGA), associated
with the improvement of computational power in recent
times, the analysis of complex biological systems has been
showing satisfactory results, with a high processing rate
when performing the calculations, and low computational
cost (Matta, 2010; Vakser, 2014).

Molecular fractionation with conjugated caps (MFCC)

To enhance the studies of biological systems with many
atoms, the Molecular Fractionation with Conjugated Caps
(MFCC) method was developed, which provides results at the
ab initio level of interaction energies between a protein and
another structure. Its results are based on the division of the
three-dimensional molecular structure, in the groups of
amino acids, thus demonstrating, as a result, the energy gen-
erated between the protein and the ligand through the com-
binations between the small fragments or groups analysed
(Ewars, 2011; Matta, 2010).



Virtual sphere
with radiusup to
120A

Figure 3. Schematic representation of the MFCC method.

This technique is based on the thermochemical theory.
The energetic description of a given microsystem is calcu-
lated from Schrodinger's Hamiltonian equation, which con-
sists in the fragmentation of a three-dimensional structure
(macromolecules) into smaller individual fragments. Based on
amino acids that presented a close interaction, this strategy
has the purpose of conserving the orbital properties of the
analysed residues. The neighbouring amino acids (caps) and
their respective peptide bonds serves to simulate and not
break the valences that would naturally occur in the com-
plete system or protein (Gordon et al.,, 2012; Vakser, 2014).

The calculation of the interaction energy E (L - Ri) is
expressed in kcal mol-1, between a ligand L and an amino
acid residue Ri of the protein, being defined by the equa-
tion:

E(L—Ri) = E(L—Ci—1RIiCi + 1) — E(Ci — 1RICi + 1)
—E(L-Ci+1)+E(C-1Ci+1)

When ligand L is aa residue (L = Rj) from another protein,
it binds to aa from the receptor, the equation can be given,
as follows:

E(Rj—Ri) =E(G—1RiG+1—Ci—1RiCi+1)
—E(CJ=1G+1—Ci—1RIiCi+ 1)
—E(G—1RiG+1-Ci—1Ci+1)

FE(G-1G+1-Ci+1)

where E (G — 1RjGj + 1 - Ci — 1RIiCi + 1) corresponds to the
total energy of the system produced by the two residues
(ligand and receptor), that interact mutually together with
the hoods; the term E (G —1G + 1 - Gi—1RIiCi + 1) is equiva-
lent to the energy of the residue Ri with its conjugated
hoods Ci — 1Gi + 1 and G — 1G 4+ 1 of Rj. Corresponding to
E(G — 1RiG + 1-Ci— 1Ci + 1) there is the energy system
formed by Rj and other hoods. The fourth term E (G — 1Gj +
1 - Ci—1Ci + 1) suggests the energy of the fragment formed
only by the de and Rj hoods (Mota, 2016). The simplified lay-
out of the MFCC method is shown in Figure 3:

The term (T1) da refers to the total energy of the system,
formed by the residue of the ligand and residue of the
receiver with its caps. In the second term (T2) the total
energy of the waste of the receiver with its caps is calcu-
lated, in the third term (T3) the total energy of the residue
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Interaction (binding) energy (expressed in kcal mol-1)
between a ligand L and an amino acid residue Ri given by
the equation:

E(L - Ri) = E(L = Ci-1RiCi+1) — E(Ci-1RiCi+1) - E(L
- Ci-1Ci+1) +E(Ci-1Ci+1)

of the ligand with the caps is denoted, and finally, the fourth
term (T4) corresponds to only caps energy.

Final considerations

Glycoproteins such as miraculins are complex biomolecules
that perform essential biological functions. The size of mirac-
ulins is approximately 190 amino acids, which hinders their
industrial production. This opens a gap for studies that focus
on the rational design of mimetic peptides, that is, smaller
peptides that simulate the action of these proteins.

The use of computational techniques for protein engin-
eering allowed incredible advances in almost all related
areas. In the specific case of miraculins as sweeteners, pro-
tein engineering is an incredible opportunity to generate
useful products, with commercial demand, with benefit and
safe for human consumption. In the future, where sweet-
eners possibly will be produced and consumed in the order
of consumption of certain commodities, it is extremely inter-
esting that they use emerging techniques to develop better
products. The computational design of proteins represents,
in this sense, an innovative, fast, safe, and incredible poten-
tial technique to be applied in the food field. More research
is needed for this new field of knowledge.
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