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Abstract: Plant-based protein foods as suitable alternative protein sources have recently received
increased global interest. The scientific community is exploring effective modification approaches to
enhance the functionality of plant-based proteins for expanded utilization. Deamidation has shown
great potential for structural modifications and improving the processing efficiency of proteins.
In this review, we firstly revisit the enzyme reaction mechanism of protein-glutaminase and its
fundamental differences from other enzymatic methods for the deamidation of proteins. Then, the
latest advances regarding the suitability of protein-glutaminase modifications for improving the
functional properties (e.g., solubility, emulsifying and foaming properties, flavor, and reduction in
allergenicity) of plant-based proteins are overviewed. Finally, we address the potential prospect
associated with the use of protein-glutaminase in plant-based protein foods, such as meat, dairy, and
egg alternatives. This review provides a novel perspective for the design of plant-based protein foods
by using protein-glutaminase in order to match animal counterparts in taste and texture, and to fuel
widespread adoption.

Keywords: protein-glutaminase; deamidation; functional properties; plant-based protein foods;
alternatives

1. Introduction

Protein is essential as it provides the body with amino acids for building cells and
repairing tissues. Adequate and high-quality protein intake is particularly important for
our health [1]. Compared with plant-based proteins, animal-based proteins in the diet, such
as meat, dairy, and egg, account for more water and land resource use and are the second
highest source of global greenhouse gas emissions [2]. With an increased global focus on
being climate friendly, plant-based protein foods have a fundamental role in achieving and
sustaining net-zero emissions in the agriculture sector [3]. Although it is not necessary or
recommended to completely avoid animal protein ingredients in food, shifting towards
plant protein-based dietary patterns can be beneficial for the health of both consumers and
the planet [4].

However, it is worth noting that most plant-based proteins with high contents of
glutamine residues induce the aggregation and precipitation of proteins by hydrophobic
or hydrogen bond interactions [5], which limit their use and application in the food in-
dustry [6]. Protein deamidation mainly occurs through the transformation of the amide
side chains of asparagine and glutamine into negatively charged carboxyl groups via the
release of ammonia, so as to stretch the structure of the protein and improve the solubility
of the protein [7]. In terms of using deamidation to improve the functional properties of
plant-based proteins, enzymatic modification of proteins can be carried out under mild
conditions, which has great advantages over other treatments [8]. For example, chemical
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approaches to deamidation, such as hydrothermal treatment under acidic [9] or alkali con-
ditions [10], and/or with anions [11], can cause unfavorable peptide bond hydrolysis and
possible amino acid isomerization/racemization, consequently leading to protein damage
or safety issues [7]. Therefore, enzymatic approaches to protein deamidation are widely
recognized as the desirable method owing to their high reaction specificity under mild
environmental conditions and food safety [12].

Protein-glutaminase (EC 3.5.1.44) is a new type of protein-deamidating enzyme that
catalyzes the deamidation of glutamine residues in substrate proteins or polypeptides into
glutamic acid, which also releases ammonia [13]. Additionally, protein-glutaminase acts
on a single substrate and would therefore not be expected to act on other constituents in
the food [14]. The negative charge of the glutamyl residue contributes to the electrostatic
repulsion of proteins and enables food manufacturers to increase the solubility of proteins,
improving their flavor-enhancing properties and techno-functional attributes within a food
matrix [6,15]. Protein-glutaminase treatment can also avoid excessive hydrolysis caused by
chemical and other protease treatments [7]. Enzymatic deamidation by protein-glutaminase
can enhance the physical and chemical properties of plant-based proteins, which may open
opportunities for researchers to design plant-based protein foods which are comparable to
animal counterparts in appearance, texture, and flavor.

The objective of this review is to update the comprehensive and concise overview
of the field of protein-glutaminase application in plant-based protein foods. Research
progress in the field of protein-glutaminase and its potential applications in plant proteins
is highlighted. Finally, emerging research directions for the prospect of protein-glutaminase
application in plant-based protein foods are discussed. This review is expected to forecast
that plant-based foods (e.g., meat, dairy, and egg alternatives) could match animal proteins
in taste and texture by using protein-glutaminase.

2. Basic Knowledge of Protein-Glutaminase and Plant-Based Protein Foods

Protein-glutaminase (EC 3.5.1.44) as a deamidation enzyme was first obtained from
the soil bacterium Chryseobacterium proteolyticum strain 9670T [16]. Deamidation by protein-
glutaminase can lead to the exposure of hydrophobic sites that were previously hid-
den and convert the amide group to a carboxyl group, which significantly reduces in-
tra/intermolecular hydrogen bonding and enhances electrostatic repulsion between pro-
tein molecules (Figure 1). Additionally, protein-glutaminase only reacts with glutamine
residues in the side chains of proteins or short peptides and does not react with free
glutamine or asparagine residues [17]. Furthermore, there are some disadvantages of
other enzymatic deamidations such as peptide-glutaminase (EC 3.5.1.43) and glutaminase
(EC 3.5.1.2). On the one hand, the substrate of peptide-glutaminase is limited to short
peptides [18], which is not applicable to peptides and proteins. On the other hand, glutam-
inase specifically catalyzes the deamidation of glutamine residues in proteins or protein
hydrolysates, during which slight protein hydrolysis may also occur simultaneously [19].
Therefore, protein-glutaminase is an ideal enzyme for catalyzing the deamidation of pro-
teins. The Food and Drug Administration (FDA) responded to a Generally Recognized
as Safe (GRAS Notice NGRN 267) notification submitted by Amano with no questions
regarding protein-glutaminase preparation from Chryseobacterium proteolyticum.

We collected data of research publications from the databases of the Web of Science
(Figure 2). The topic of protein-glutaminase was first proposed in 2000, and there have
been many publications about protein-glutaminase production and its related applications,
especially in the last ten years (Figure 2A). In terms of the research topic, researchers mainly
focused on heterologous expression systems for protein-glutaminase production. However,
there is not much research on its application in agricultural food science, especially sur-
rounding the improvement of protein properties. Unlike other enzymatic deamidations,
the use of protein-glutaminase to modify plant proteins is still in its infancy, but the pos-
itive results have already gained increasing interest in academic research. In the field of
plant protein research, plant-based protein foods (e.g., meat, dairy, and egg alternatives)



Foods 2022, 11, 440

3of11

are more environmentally friendly in their production process and use less of the earth’s
resources than traditional livestock [20]. Consumers’ appreciation of plant-based foods
stems from a desire for healthy living and a sense of responsibility for environmental issues
and animal welfare. Plant-based foods are no longer seen as being only for those living a
vegan lifestyle. The popularity of plant-based products continues to rise, which has become
a new consumer trend in the food industry. In terms of the number of publications about
plant-based proteins in the last five years, the top three were about wheat, soy, and rice
(Figure 2B). A search on the Web of Science using “plant-based meat or dairy or egg” as
the topic, since the 21st century, led to 2636 results, of which 2434 (>92%) were published
in the past ten years (Figure 2C). It is obvious that research on both protein-glutaminase
and plant protein-based foods has developed rapidly in the last two decades. The use of
protein-glutaminase for improving the physicochemical and functional properties of plant
proteins is expected to expand their utilization in plant-based protein foods.
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Figure 1. Protein deamidation mechanism by protein-glutaminase.

A B 20,0004

15,000

'

ons.

b

cat!

10,000-

il

No. of publications
g

No. of publ

i 07
0 2001 2006 2011 2016 2021 Wheat Soy  Rice Corn Potato Pea Barley Peanut Oat Sorghum Chickpea Walnut

Year
C

g

g

No. of publications
3 s

b2

w0 M6 M W A
Year
Figure 2. Number of papers published related to (A) protein-glutaminase (from 2000 to 2021),
(B) major sources of plant-based proteins (from 2016 to 2021), and (C) “plant-based meat or dairy or
egg” (from 2000 to 2021), from a search of the Web of Science database.
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3. Deamidation by Protein-Glutaminase to Improve Functional Properties of
Plant-Based Proteins

3.1. Challenges of the Utilization of Plant-Based Proteins in Food Products

Industrial extraction techniques for plant-based proteins include alkaline extraction,
precipitation at the isoelectric point, and harsh spray drying, which lead to protein denatu-
ration and aggregation, resulting in a decrease in emulsifying and foaming stability [21].
Plant-based proteins also contain anti-nutritional compounds with a strong off-taste and
tend to have inferior functionality compared to animal-based proteins since they are more
difficult to process and more susceptible to extrinsic factors including temperature, pH,
and ionic strength [22]. Additionally, some plant-based proteins with a variety of allergens
may have a limited scope of utilization [23]. Therefore, it is essential to find an appropriate
method to improve the functional properties of plant-based proteins, so as to meet the
growing demand for hybrid, clean-labeled, and healthier food products.

3.2. Solubility

Solubility is a prerequisite for plant-based proteins to play a role as a functional
component in food and is also the key determinant of their emulsifying and foaming
properties, and application in the food industry [24]. Protein-glutaminase can convert
glutamine residue in proteins and peptide chains into glutamic acid residue, resulting in
an increase in the number of negatively charged carboxyl groups. Previous studies report
that the solubility of plant-based proteins (e.g., soy or coconut protein) induced by protein-
glutaminase displayed time-dependent changes [25,26]. With a prolonged reaction time in
protein-glutaminase treatments, the degree of deamidation (DD) of proteins increased. The
increase in negative charges could increase the electrostatic repulsion between molecules,
which would reduce intra- and intermolecular hydrogen bonding interactions, finally
weakening the aggregation ability of molecules and increasing the solubility of proteins
in water (Figure 3). For plant-based protein deamidation by protein-glutaminase, the
solubility of non-deamidated and deamidated proteins also shows different sensitivities
to environmental stress conditions such as pH and temperature. Compared with non-
deamidated samples, the solubility of wheat gluten (WG) in neutral (pH 7) systems was
remarkably improved even after a very short deamidation time (1 h, DD 22%), but the
behavior of the solubility showed a downward trend under acidic conditions (pH 3) [27].
Yong et al. [28] reported the performance of protein-glutaminase treatment in the solubility
of the highly insoluble x-zein. The solubility of «-zein at both pH 5 and pH 7 after
deamidation significantly increased to above 80%, even though there was little change
under pH 3 conditions. The result of solubility with respect to changes in pH is due to
the decline in the isoelectric point of the resulting deamidated protein; thus, the solubility
increases in neutral systems and decreases in acidic conditions. Additionally, in the case
of oat proteins, both the solubility of the native protein and the low DD (15% and 42%) of
the protein at 50 °C were much higher than those at 21 °C. However, for oat proteins with
a high DD (59%), a high temperature of 50 °C did not increase their solubility. Therefore,
protein-glutaminase treatment may not require additional increases in temperature to
improve the solubility of plant-based proteins [29].

3.3. Emulsifying and Foaming Properties

Deamidation can modify the structure and hydrophobicity of proteins, which shows
great potential for controlling the hydrophilic-hydrophobic balance, while the improve-
ment in amphiphilicity contributes to the formation of a stable layer at the oil-water
interface, improving the emulsifying capacity. Compared with the control x-zein at pH 7,
the emulsification performance of x-zein treated with protein-glutaminase was effectively
improved. At pH 5, deamidation greatly enhanced the solubility of the protein, but the
stability of the emulsion decreased [28]. In fact, solubility is not a prerequisite for improv-
ing emulsion stability, as the electrostatic repulsion on the oil droplet surface and steric
hindrance between the adsorbed protein layers are more important. Kunarayakul et al. [26]
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found that, in comparison to deamidated coconut proteins at 6 h with a lower DD, deami-
dated coconut proteins at 12 h with a higher DD showed a higher emulsifying activity
index (EAI) and a lower emulsifying stability index (ESI). However, the decline in the value
of the ESI could be due to the fact that a high DD could lead to excess net charge and
increase the electrostatic repulsion, thus leading to a decline in the interaction between
protein and protein. A similar phenomenon can be seen with the foaming properties of soy
protein isolates (SPIs) by enzymatic deamidation using protein-glutaminase. The foaming
capacity of SPIs was improved after protein-glutaminase modification, but the foaming
stability decreased. Generally, appropriate deamidation can enhance the solubility and
surface hydrophobicity of plant-based proteins, while improvements in the amphiphilic
structure help proteins adsorb at the interface, so as to improve the stability of the emulsion
and foam and their potential as a good stabilizer (Figure 3). Therefore, it is necessary to find
the optimum conditions of plant-based protein deamidation using protein-glutaminase in
order to maintain the best balance between emulsifying/foaming capability and stability.
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Figure 3. Deamidation by protein-glutaminase to improve the functional properties of plant-
based proteins.

3.4. Flavor

Plant-based proteins, especially legume and oilseed proteins, can easily have an unde-
sired off-flavor which then affects the sensory quality of the food [30]. These undesirable
flavor components are mainly aldehydes and ketones produced by the oxidation of unsatu-
rated fatty acids. These carbonyl-containing compounds interact with soy proteins, thereby
leading to flavor fade, which influences the flavor of protein foods [31]. The interaction be-
tween the flavor compound and the protein can be reversible (noncovalent) or irreversible
(covalent). Some noncovalent linkages include hydrophobic and electrostatic interactions,
hydrogen bonds, and van der Waals forces [32], while the major covalent linkages include
the Schiff base of dithioacetals formed by amino acids or sulfthydryl groups reacting with
aldehydes [33]. Flavor-plant protein interactions can be regulated by protein modification.
The deamidation of soy protein by protein-glutaminase reduces the overall flavor-binding
affinity of the soy protein to the carbonyl-containing vanillin and maltol as common flavor
compounds used in the industry [34,35], resulting in a reduction in undesirable flavors
(Figure 3). The change caused by protein-glutaminase in the flavor-binding properties
of proteins is due to binding from hydrophobic interactions, covalent bonding (Schiff
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base formations) to weaker van der Waals forces, or hydrogen bonding. Additionally, for
soymilk as a soy protein-containing beverage system, protein-glutaminase deamidation
has the potential to produce a flavored soymilk with a decreased flavor fade problem [36].

3.5. Reduction in Allergenicity

Many plant-based proteins, especially cereal grain substances in the diet, have an al-
lergenic potential which enormously reduces the food choice for allergy sufferers [37]. The
GIn-GIn-GIn-Pro-Pro sequence is considered to be the primary binding site of immunoglob-
ulin E (IgE) in wheat protein [38]. Modification of a single type of amino acid (glutamine)
is quite effective in reducing the allergenicity of orally administered wheat proteins. An
ELISA experiment demonstrated that during the enzymatic deamidation of WG by protein-
glutaminase, the DD of WG was increased, and its allergenicity gradually decreased [30].
Therefore, it can be proved that the deamidation effect of protein-glutaminase can be used
as a good means to reduce the allergenicity of plant-based proteins (Figure 3).

4. The Application Prospect of Protein-Glutaminase in Plant-Based Meat, Dairy,
and Eggs

By 2050, the global food system will need to meet the dietary needs of more than
10 billion people. With the declining areas of arable land and the depletion of fresh
water, it is unsustainable to use animal-based foods as the main source of protein [39].
Consumers’ appetites for plant-based protein foods as alternative proteins are growing
as animal-free proteins emerge as a healthy choice. In recent years, plant-based protein
foods have morphed from a niche product to a mainstream phenomenon. Improving the
taste and texture of plant-based proteins to reach parity with animal-based proteins can
help to increase consumer acceptance. Enzymatic modification by protein-glutaminase has
been proved to improve solubility, emulsifying /foaming capability, and other functional
properties of proteins (Table 1). Protein-glutaminase treatment can contribute to the true
texture and authentic flavors of meat, dairy, and egg alternatives (Figure 4).

Table 1. Improvement of plant-based proteins by means of protein-glutaminase and its potential
applications in plant-based meat, dairy, and eggs.

Potential Applications in

Functional Property Plant-Based Proteins Plant-Based Meat, Dairy, and Eggs

Soy protein isolate [25]

Coconut protein [26]

Wheat gluten [27,40] More soluble proteins in
o-zein [28] plant-based dairy products

Solubility

Oat protein [29]

Evening primrose seed cake
protein [41]

Coconut protein [26]
Wheat gluten [27]

Emulsifying property o-zein [28] Plant-based eggs with a higher
stability

Oat protein [29]

Soy protein isolate [25,42]

Soy protein isolate [25] Improvements in the foamy o
Foaming property structure of plant-based proteins in

Coconut protein [26] non-dairy lattes
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Table 1. Cont.

Potential Applications in

Functional Property Plant-Based Proteins Plant-Based Meat, Dairy, and Eggs

Soy protein isolate [34] A reduction in the undesirable

Flavor Coconut protein [35] flavor of plant-based meat and
Soymilk [36] dairy

Preparation of protein-based meats
with low allergenicity

Reduction in allergenicity =~ Wheat gluten [27]

: ' Egg
W Meat = alternatives
& alternatives i1 w ‘ /

A
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Figure 4. Application prospect of protein-glutaminase in plant-based meat, dairy, and eggs.

4.1. Plant-Based Meats

Soy, pea, and wheat protein ingredients are the main materials used to create plant-
based meats [43]. However, legume-based (e.g., soy and pea) protein foods are still not
accepted by consumers owing to the presence of an undesirable bitter and quite beany
taste, which provides consumers with an unpleasant experience. Furthermore, vanillin
and maltol as model carbonyl-containing flavor compounds can interact with SPIs and
lead to flavor fade. Flavor fade problems can be regulated by controlling flavor—protein
interactions. The partial deamidation of SPIs by protein-glutaminase can improve their
functional properties and decrease the overall flavor-binding affinity of proteins [34],
which may reduce undesirable flavors when added to texturized plant-based meats. It
is worth noting that protein deamidation is an effective structural modification method
for glutamine-rich plant-based proteins, and even a small amount of deamidation can
greatly improve the functional properties of proteins; however, it may cause the protein
to hydrolyze and break the disulfide bonds of cystine. Compared to other enzymatic
approaches to deamidation, protein-glutaminase only deamidates glutamine residues in
intact proteins or peptides and does not cause excessive hydrolysis of the protein. Large
disulfide-linked protein structures are maintained well after protein-glutaminase treatment.
WG as a cystine-rich protein can form an elastic three-dimensional network through
covalent cross-linking of disulfide bonds. Thus, the addition of WG has been shown to
be more beneficial to the formation of meat alternatives with a fibrous structure and a
higher degree of chewiness [44]. One previous study reported the effects of the soy protein
concentrate/WG mass ratio (WG 0~30 wt%) on the formation and structure of extruded
meat alternatives [45]. The results showed that the highest degree of disulfide cross-linking
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was observed when the mass ratio of WG increased to 30 wt%, which contributed to
the fibrous microstructures in plant-based meats. Furthermore, the popularity of meat
alternatives may lead to an increase in the consumption of wheat or soy proteins, which
may cause allergic reactions even in people who have never had symptoms of allergic
reactions before. As mentioned above, deamidation by protein-glutaminase is an effective
strategy to reduce the allergenicity of wheat proteins. Taken together, the reasonable use of
protein-glutaminase is expected to improve and solve the texture, flavor, and allergenicity
of plant-based meats.

4.2. Plant-Based Dairy

Compared with dairy, the protein content of many commercial non-dairy milks is
relatively lower or even close to void. With oat drinks, as a popular plant-based dairy
alternative, in the process of enzymatic hydrolysis of raw oat materials, in addition to
amylase, protease can also be used to improve the content of water-soluble oat proteins.
However, the hydrolysis of proteins using protease leads to the formation of low molecular
peptides, which have a negative effect on the sensory characteristics of beverages. Protein-
glutaminase does not involve substantial protease (peptidase) activity, and with an increase
in the DD during protein-glutaminase modification, the soluble proteins in oat drinks are
increased. The improvement in oat protein solubility was also reported by a previous
study [29].

At present, lattes are one of the most popular coffee drinks and are composed of
espresso, steamed milk, and milk foam. The micrometer scale of milk foam produces a
smooth and velvety oral perception. Compared with dairy milk, some non-dairy milks
can make a decent foam, but once they are introduced to the hot coffee, the microstructure
and stability of the foam formed by plant protein-based milks are relatively weakened. To
counter this, most barista-specific nut or grain milks include additional natural suspensions
and stability regulators. Protein-glutaminase has been shown to induce partial unfolding of
plant-based proteins, which contributes to improving the foaming capability and stability
of many plant-based proteins. Among raw plant protein materials, the pretreatment
of non-dairy milk using protein-glutaminase is conducive to effectively regulating and
improving the foamy structure, which opens up a world of possibilities for your next frothy
non-dairy latte.

4.3. Plant-Based Eggs

Aquafaba, the drained liquid separated from a can or a pot of boiled chickpea seed,
can be whipped like egg whites into a meringue or swapped out for eggs entirely in baked
goods [46]. The unique functional properties depend on the composition of aquafaba
protein, soluble or insoluble carbohydrates, and polysaccharide—protein complexes. The
protein content of aquafaba has been found to positively correlate (r* = 0.95) with the
foaming capacity of the aquafaba [47]. The partial hydrolysis of proteins by protein-
glutaminase can also cause an increase in the solubility and foaming capacity of plant
proteins in an aqueous solution. Protein-glutaminase treatment has positive influences
on the formation of aquafaba foam (chickpea cooking water). Additionally, mung bean
protein isolates are the main ingredient in commercially available plant-based eggs due to
their custardy, gelatinous properties. The thickening, emulsification, and water holding
capacity of mung bean proteins render egg alternatives as effective humectants and extend
the shelf life of bakery products. Therefore, the preparation of plant-based eggs requires
improvement in the emulsification and water holding capacity. A deamidation reaction can
expose the functional groups within the protein, such as amide and carboxyl groups, and
the increment in the protein’s net charge facilitates interactions with water, which results in
an increase in its water holding capacity after deamidation. Protein-glutaminase treatment
is one solution that provides a higher water holding capacity and emulsification ability,
which can be used as an egg substitute to improve the quality of baked goods.
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5. Conclusions and Outlook

To date, plant-based proteins have been increasingly used as alternatives to animal
proteins because of their beneficial effects on health and the environment. The use of
protein-glutaminase can contribute to improving the functional properties of plant proteins.
The enzymatic deamidation method using protein-glutaminase has potential benefits for
producing plant proteins with better processing performance and consumer acceptance, as
well as being more important and advantageous compared to other enzymatic approaches
to deamidation. In terms of plant-based protein foods, protein-glutaminase treatment
has become a positive tool for solubility enhancement and the interfacial stabilization of
emulsions and foams, contributes to the production of hypoallergenic plant-based protein
foods, and solves the problem of flavor fade in aqueous protein foods.

Although this study finds that protein-glutaminase-modified plant proteins have
great market prospects, the current research is still at the laboratory scale due to the low
enzymatic performance and yield. Therefore, for there to be large-scale production within
the food industry, it is necessary to reduce costs by developing an efficient expression
system for high-yield protein-glutaminase production. Additionally, the mechanism and
reaction position of protein-glutaminase deamidation in a weak acidic system or in a real
plant-based meat, dairy, or egg system still need to be studied, and a protein-glutaminase
kinetic model of the action process is required to make it more applicable within the food
industry. Overall, the application prospect of protein-glutaminase in the development of
plant-based protein foods will emerge in the coming years.

Author Contributions: Conceptualization, X.L. and J.C.; validation, CW., X.Z., G.Z. and ].Z; inves-
tigation, X.L.; data curation, X.L.; writing—original draft preparation, X.L.; writing—review and
editing, X.L., CW., X.Z. and ].C.; supervision, ].C.; funding acquisition, G.Z., ].Z. and J.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Key Research and Development Program of China
(2021YFC2101400), the Natural Science Foundation of Jiangsu Province (BK20202002), and the Tianjin
Synthetic Biotechnology Innovation Capacity Improvement Project (TSBICIP-KJGG-003-13) (National
Technology Innovation Center of Synthetic Biology).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Ispoglou, T.; Witard, O.C.; Duckworth, L.C.; Lees, M.]. The efficacy of essential amino acid supplementation for augmenting
dietary protein intake in older adults: Implications for skeletal muscle mass, strength and function. Proc. Nutr. Soc. 2021, 80,
230-242. [CrossRef]

Rabes, A.; Seconda, L.; Langevin, B.; Allés, B.; Touvier, M.; Hercberg, S.; Lairone, D.; Baudry, ].; Pointereau, P.; Kesse-Guyot, E.
Greenhouse gas emissions, energy demand and land use associated with omnivorous, pesco-vegetarian, vegetarian, and vegan
diets accounting for farming practices. Sustain. Prod. Consum. 2020, 22, 138-146. [CrossRef]

Van Vliet, S.; Kronberg, S.L.; Provenza, F.D. Plant-based meats, human health, and climate change. Front. Sustain. Food Syst.
2020, 4, 128. [CrossRef]

Aschemann-Witzel, J.; Gantriis, R.F,; Fraga, P.; Perez-Cueto, E]J. Plant-based food and protein trend from a business perspective:
Markets, consumers, and the challenges and opportunities in the future. Crit. Rev. Food Sci. Nutr. 2020, 61, 3119-3128. [CrossRef]
Yin, X.; Zhang, G.; Zhou, J.; Li, J.; Du, G. Combinatorial engineering for efficient production of protein-glutaminase in Bacillus
subtilis. Enzyme Microb. Technol. 2021, 150, 109863. [CrossRef] [PubMed]

Nasrabadi, M.N.; Doost, A.S.; Mezzenga, R. Modification approaches of plant-based proteins to improve their techno-functionality
and use in food products. Food Hydrocoll. 2021, 118, 106789. [CrossRef]

Chen, X.; Fu, W,; Luo, Y.; Cui, C.; Suppavorasatit, I.; Liang, L. Protein deamidation to produce processable ingredients and
engineered colloids for emerging food applications. Compr. Rev. Food Sci. Food Saf. 2021, 20, 3788-3817. [CrossRef] [PubMed]


http://doi.org/10.1017/S0029665120008010
http://doi.org/10.1016/j.spc.2020.02.010
http://doi.org/10.3389/fsufs.2020.00128
http://doi.org/10.1080/10408398.2020.1793730
http://doi.org/10.1016/j.enzmictec.2021.109863
http://www.ncbi.nlm.nih.gov/pubmed/34489022
http://doi.org/10.1016/j.foodhyd.2021.106789
http://doi.org/10.1111/1541-4337.12759
http://www.ncbi.nlm.nih.gov/pubmed/34056849

Foods 2022, 11, 440 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Fang, L.; Xiang, H.; Sun-Waterhouse, D.; Cui, C.; Lin, J. Enhancing the usability of pea protein isolate in food applications
through modifying its structural and sensory properties via deamidation by glutaminase. J. Agric. Food Chem. 2020, 68, 1691-1697.
[CrossRef]

Liao, L.; Han, X,; Chen, L.P; Nj, L.; Liu, Z.B.; Zhang, W.; Chen, Q. Comparative characterization of the deamidation of carboxylic
acid deamidated wheat gluten by altering the processing conditions. Food Chem. 2016, 210, 520-529. [CrossRef]

Guan, J.; Takai, R.; Toraya, K.; Ogawa, T.; Muramoto, K.; Mohri, S.; Ishikawa, D.; Fujii, T.; Chi, H.; Cho, S.J. Effects of alkaline
deamidation on the chemical properties of rice bran protein. Food Sci. Technol. 2017, 23, 697-704. [CrossRef]

Abe, R.; Shimizu, S.; Yasuda, K.; Sugai, M.; Okada, Y.; Chiba, K.; Akao, M.; Kumagai, H.; Kumagai, H. Evaluation of reduced
allergenicity of deamidated gliadin in a mouse model of wheat-gliadin allergy using an antibody prepared by a peptide containing
three epitopes. J. Agric. Food Chem. 2014, 62, 2845-2852. [CrossRef]

Liu, Y,; Li, X.; Zhou, X;; Yu, J.; Wang, E; Wang, ]. Effects of glutaminase deamidation on the structure and solubility of rice glutelin.
LWT 2011, 44, 2205-2210. [CrossRef]

Miwa, N.; Yokoyama, K.; Nio, N.; Sonomoto, K. Effect of enzymatic deamidation on the heat-induced conformational changes in
whey protein isolate and its relation to gel properties. J. Agric. Food Chem. 2013, 61, 2205-2212. [CrossRef]

Miwa, N.; Yokoyama, K.; Wakabayashi, H.; Nio, N. Effect of deamidation by protein-glutaminase on physicochemical and
functional properties of skim milk. Int. Dairy J. 2010, 20, 393-399. [CrossRef]

Hamada, ].S.; Swanson, B. Deamidation of food proteins to improve functionality. Crit. Rev. Food Sci. Nutr. 1994, 34, 283-292.
[CrossRef]

Yamaguchi, S.; Yokoe, M. A novel protein-deamidating enzyme from Chryseobacterium proteolyticum sp. nov., a newly isolated
bacterium from soil. Appl. Environ. Microbiol. 2000, 66, 3337-3343. [CrossRef]

Qu, R; Zhu, X;; Tian, M,; Liu, Y;; Yan, W,; Ye, J.; Gao, H.L.; Huang, J. Complete genome sequence and characterization of
a protein-glutaminase producing strain, Chryseobacterium proteolyticurn QSH1265. Front. Microbiol. 2018, 9, 1975. [CrossRef]
[PubMed]

Hamada, J.S. Peptidoglutaminase deamidation of proteins and protein hydrolysates for improved food use. J. Am. Oil Chem. Soc.
1991, 68, 459-462. [CrossRef]

Amobonye, A ; Singh, S.; Pillai, S. Recent advances in microbial glutaminase production and applications—A concise review. Crit.
Rev. Biotechnol. 2019, 39, 944-963. [CrossRef]

Tso, R.; Forde, C.G. Unintended consequences: Nutritional impact and potential pitfalls of switching from animal-to plantbased
foods. Nutrients 2021, 13, 2527. [CrossRef]

Burger, T.G.; Singh, I.; Mayfield, C.; Baumert, J.L.; Zhang, Y. The impact of spray drying conditions on the physicochemical and
emulsification properties of pea protein isolate. LWT 2022, 153, 112495. [CrossRef]

Costantini, M.; Sabovics, M.; Galoburda, R.; Kince, T.; Straumite, E.; Summo, C.; Pasqualone, A. Effect of die configuration on
the physico-chemical properties, anti-nutritional compounds, and sensory features of legume-based extruded snacks. Foods
2021, 10, 3015. [CrossRef] [PubMed]

Skendi, A.; Papageorgiou, M.; Varzakas, T. High protein substitutes for gluten in gluten-free bread. Foods 2021, 10, 1997. [CrossRef]
[PubMed]

Kumar, M.; Tomar, M.; Potkule, J.; Punia, S.; Dhakane, J.; Singh, S.; Dhumal, S.; Pradhan, P.C.; Bhushan, B.; Anitha, T.; et al.
Functional characterization of plant-based protein to determine its quality for food applications. Food Hydrocoll. 2021, 123, 106986.
[CrossRef]

Suppavorasatit, I.; De Mejia, E.G.; Cadwallader, K.R. Optimization of the enzymatic deamidation of soy protein by protein-
glutaminase and its effect on the functional properties of the protein. J. Agric. Food Chem. 2011, 59, 11621-11628. [CrossRef]
Kunarayakul, S.; Thaiphanit, S.; Anprung, P.; Suppavorasatit, I. Optimization of coconut protein deamidation using protein-
glutaminase and its effect on solubility, emulsification, and foaming properties of the proteins. Food Hydrocoll. 2018, 79, 197-207.
[CrossRef]

Yong, Y.H.; Yamaguchi, S.; Matsumura, Y. Effects of enzymatic deamidation by protein-glutaminase on structure and functional
properties of wheat gluten. J. Agric. Food Chem. 2006, 54, 6034—6040. [CrossRef]

Yong, Y.H.; Yamaguchi, S.; Gu, Y.S.; Mori, T.; Matsumura, Y. Effects of enzymatic deamidation by protein-glutaminase on structure
and functional properties of x-zein. J. Agric. Food Chem. 2004, 52, 7094-7100. [CrossRef]

Jiang, Z.Q.; Sontag-Strohm, T.; Salovaara, H.; Sibakov, J.; Kanerva, P.; Loponen, ]J. Oat protein solubility and emulsion properties
improved by enzymatic deamidation. J. Cereal Sci. 2015, 64, 126-132. [CrossRef]

Wang, K.; Arntfield, S.D. Effect of protein-flavour binding on flavour delivery and protein functional properties: A special
emphasis on plant-based proteins. Flavour Fragr. ]. 2017, 32, 92-101. [CrossRef]

Roland, W.S.; Pouvreau, L.; Curran, J.; van de Velde, F.; de Kok, PM. Flavor aspects of pulse ingredients. Cereal Chem. 2017,
94, 58-65. [CrossRef]

Wang, K.; Arntfield, S.D. Binding of selected volatile flavour mixture to salt-extracted canola and pea proteins and effect of heat
treatment on flavour binding. Food Hydrocoll. 2015, 43, 410-417. [CrossRef]

He, Y,; Zhou, C.; Li, C.; Zhou, G. Effect of incubation temperature on the binding capacity of flavor compounds to myosin. Food
Chem. 2021, 346, 128976. [CrossRef]


http://doi.org/10.1021/acs.jafc.9b06046
http://doi.org/10.1016/j.foodchem.2016.04.113
http://doi.org/10.3136/fstr.23.697
http://doi.org/10.1021/jf4034078
http://doi.org/10.1016/j.lwt.2011.05.011
http://doi.org/10.1021/jf3047626
http://doi.org/10.1016/j.idairyj.2009.12.015
http://doi.org/10.1080/10408399409527664
http://doi.org/10.1128/AEM.66.8.3337-3343.2000
http://doi.org/10.3389/fmicb.2018.01975
http://www.ncbi.nlm.nih.gov/pubmed/30233508
http://doi.org/10.1007/BF02663813
http://doi.org/10.1080/07388551.2019.1640659
http://doi.org/10.3390/nu13082527
http://doi.org/10.1016/j.lwt.2021.112495
http://doi.org/10.3390/foods10123015
http://www.ncbi.nlm.nih.gov/pubmed/34945566
http://doi.org/10.3390/foods10091997
http://www.ncbi.nlm.nih.gov/pubmed/34574106
http://doi.org/10.1016/j.foodhyd.2021.106986
http://doi.org/10.1021/jf2028973
http://doi.org/10.1016/j.foodhyd.2017.12.031
http://doi.org/10.1021/jf060344u
http://doi.org/10.1021/jf040133u
http://doi.org/10.1016/j.jcs.2015.04.010
http://doi.org/10.1002/ffj.3365
http://doi.org/10.1094/CCHEM-06-16-0161-FI
http://doi.org/10.1016/j.foodhyd.2014.06.011
http://doi.org/10.1016/j.foodchem.2020.128976

Foods 2022, 11, 440 11 of 11

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Suppavorasatit, I.; Cadwallader, K.R. Effect of enzymatic deamidation of soy protein by protein-glutaminase on the flavor-binding
properties of the protein under aqueous conditions. J. Agric. Food Chem. 2012, 60, 7817-7823. [CrossRef]

Temthawee, W.; Panya, A.; Cadwallader, K.R.; Suppavorasatit, I. Flavor binding property of coconut protein affected by
protein-glutaminase: Vanillin-coconut protein model. LWT 2020, 130, 109676. [CrossRef]

Suppavorasatit, I.; Lee, S.Y.; Cadwallader, K.R. Effect of enzymatic protein deamidation on protein solubility and flavor binding
properties of soymilk. J. Food Sci. 2013, 78, C1-C7. [CrossRef]

Zimmermann, J.; Hubel, P.; Pfannstiel, J.; Afzal, M.; Longin, C.EH.; Hitzmann, B.; Gotz, H.; Bischoff, S.C. Comprehensive
proteome analysis of bread deciphering the allergenic potential of bread wheat, spelt and rye. |. Proteom. 2021, 247, 104318.
[CrossRef]

Li, Y.; Yu, J.; Goktepe, I.; Ahmedna, M. The potential of papain and alcalase enzymes and process optimizations to reduce
allergenic gliadins in wheat flour. Food Chem. 2016, 196, 1338-1345. [CrossRef]

Fiorentini, M.; Kinchla, A.].; Nolden, A.A. Role of sensory evaluation in consumer acceptance of plant-based meat analogs and
meat extenders: A scoping review. Foods 2020, 9, 1334. [CrossRef]

Chen, B.; Wang, Y.R; Fan, J.L.; Yang, Q.; Chen, H.Q. Effect of glutenin and gliadin modified by protein-glutaminase on
retrogradation properties and digestibility of potato starch. Food Chem. 2019, 301, 125226. [CrossRef]

Hadidi, M.; Ibarz, A.; Pouramin, S. Optimization of extraction and deamidation of edible protein from evening primrose
(Oenothera biennis L.) oil processing by-products and its effect on structural and techno-functional properties. Food Chem. 2021,
334, 127613. [CrossRef] [PubMed]

Jiang, Y.; Wang, Z.; He, Z.; Zeng, M.; Qin, E; Chen, ]. Effect of heat-induced aggregation of soy protein isolate on protein-
glutaminase deamidation and the emulsifying properties of deamidated products. LWT 2022, 154, 112328. [CrossRef]

Sha, L.; Xiong, Y.L. Plant protein-based alternatives of reconstructed meat: Science, technology, and challenges. Trends Food Sci.
Technol. 2020, 102, 51-61. [CrossRef]

Pietsch, V.L.; Karbstein, H.P.; Emin, M. A. Kinetics of wheat gluten polymerization at extrusion-like conditions relevant for the
production of meat analog products. Food Hydrocoll. 2018, 85, 102-109. [CrossRef]

Chiang, ].H.; Loveday, S.M.; Hardacre, A.K.; Parker, M.E. Effects of soy protein to wheat gluten ratio on the physicochemical
properties of extruded meat analogues. Food Struct. 2019, 19, 100102. [CrossRef]

Buhl, T.F,; Christensen, C.H.; Hammershgj, M. Aquafaba as an egg white substitute in food foams and emulsions: Protein
composition and functional behavior. Food Hydrocoll. 2019, 96, 354-364. [CrossRef]

Stantiall, S.E.; Dale, K.J.; Calizo, ES.; Serventi, L. Application of pulses cooking water as functional ingredients: The foaming and
gelling abilities. Eur. Food Res. Technol. 2018, 244, 97-104. [CrossRef]


http://doi.org/10.1021/jf301719k
http://doi.org/10.1016/j.lwt.2020.109676
http://doi.org/10.1111/j.1750-3841.2012.03012.x
http://doi.org/10.1016/j.jprot.2021.104318
http://doi.org/10.1016/j.foodchem.2015.10.089
http://doi.org/10.3390/foods9091334
http://doi.org/10.1016/j.foodchem.2019.125226
http://doi.org/10.1016/j.foodchem.2020.127613
http://www.ncbi.nlm.nih.gov/pubmed/32711281
http://doi.org/10.1016/j.lwt.2021.112328
http://doi.org/10.1016/j.tifs.2020.05.022
http://doi.org/10.1016/j.foodhyd.2018.07.008
http://doi.org/10.1016/j.foostr.2018.11.002
http://doi.org/10.1016/j.foodhyd.2019.05.041
http://doi.org/10.1007/s00217-017-2943-x

	Introduction 
	Basic Knowledge of Protein-Glutaminase and Plant-Based Protein Foods 
	Deamidation by Protein-Glutaminase to Improve Functional Properties of Plant-Based Proteins 
	Challenges of the Utilization of Plant-Based Proteins in Food Products 
	Solubility 
	Emulsifying and Foaming Properties 
	Flavor 
	Reduction in Allergenicity 

	The Application Prospect of Protein-Glutaminase in Plant-Based Meat, Dairy, and Eggs 
	Plant-Based Meats 
	Plant-Based Dairy 
	Plant-Based Eggs 

	Conclusions and Outlook 
	References

