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Plant proteases play a crucial role in many different biological processes along the plant
life cycle. One of the most determinant stages in which proteases are key protagonists
is the plant germination through the hydrolysis and mobilization of other proteins
accumulated in seeds and cereal grains. The most represented proteases in charge
of this are the cysteine proteases group, including the C1A family known as papain-like
and the C13 family also called legumains. In cereal species such as wheat, oat or rye,
gluten is a very complex mixture of grain storage proteins, which may affect the health
of sensitive consumers like celiac patients. Since gluten proteins are suitable targets for
plant proteases, the knowledge of the proteases involved in storage protein mobilization
could be employed to manipulate the amount of gluten in the grain. Some proteases
have been previously found to exhibit promising properties for their application in the
degradation of known toxic peptides from gluten. To explore the variability in gluten-
degrading capacities, we have now analyzed the degradation of gluten from different
wheat cultivars using several cysteine proteases from barley. The wide variability showed
highlights the possibility to select the protease with the highest potential to alter grain
composition reducing the gluten content. Consequently, new avenues could be explored
combining genetic manipulation of proteolytic processes with silencing techniques to be
used as biotechnological tools against gluten-related disorders.

Keywords: cysteine protease, germination, proteolysis, gluten, celiac disorders

INTRODUCTION

Plant proteases have been described to accomplish multiple roles in different physiological
processes along the plant life cycle, such as programmed cell death, senescence, abscission, fruit
ripening, plant growth, and N homeostasis (Grudkowska and Zagdańska, 2004; van der Hoorn,
2008; Liu et al., 2018; Tornkvist et al., 2019). In response to abiotic and biotic stresses, proteases are
also involved in nutrient remobilization associated with leaf and root proteins degradation to ensure
yield (Diaz-Mendoza et al., 2014; Velasco-Arroyo et al., 2016, 2018; Gomez-Sanchez et al., 2019;
James et al., 2019), or in triggering the response of the plant to pathogens and phytophagous insects
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and acari (van der Hoorn and Jones, 2004; Shindo and van
der Hoorn, 2008; Misas-Villamil et al., 2016; Diaz-Mendoza
et al., 2017). Moreover, plant proteases play a crucial role in
the plant seed germination, through the mobilization of other
proteins accumulated in seeds and cereal grains (Grudkowska
and Zagdańska, 2004; Cambra et al., 2012; Diaz-Mendoza et al.,
2016; Szewinska et al., 2016; Liu et al., 2018; Radchuk et al., 2018).

Cereals grains include proteins with many different functions.
Around 80% of these proteins are storage proteins, packed
in the endosperm together with starch and lipids (Shewry
et al., 1995; Shewry and Halford, 2002). These proteins
are synthesized during grain development and maturation,
subsequently included as storage proteins, and finally degraded
during germination. Several groups of proteases have been
implicated in seed germination. The most represented proteases
in charge of the mobilization and degradation of storage
proteins are the cysteine proteases (CysProt) (Grudkowska and
Zagdańska, 2004; Tan-Wilson and Wilson, 2011; Szewinska et al.,
2016). Among CysProt, the C1A family known as papain-like
and the C13 family also called legumains or vacuolar processing
enzymes (VPEs), have been the most studied (Hara-Nishimura
et al., 1995, 1998; Kinoshita et al., 1999; Grudkowska and
Zagdańska, 2004; Prabucka and Bielawski, 2004; Martínez and
Díaz, 2008; Shi and Xu, 2009; Szewinska et al., 2016).

Pharmaceutical, food and beverage, detergent, and biofuel
industries have for long time exploited enzyme catalysis in
commercial-scale applications, being the use of papain an
example of success in food industry over the last four decades
(Fernández-Lucas et al., 2017). In recent years, newly identified
plant proteases have been found to exhibit promising properties
for their application in the food industry (Feijoo-Siota and Villa,
2011). A case of particular interest is the degradation of peptides
toxic for celiac patients by proteases involved in the germination
of cereals (Hartmann et al., 2006; Kiyosaki et al., 2007; Stenman
et al., 2009, 2010). In particular, the 33-mer peptide of gluten
is the most immunogenic peptide known so far. It is resistant
to human proteases and responsible for eliciting about 90%
of the allergic response induced by the full complement of
wheat proteins (Tye-Din et al., 2010). The immunogenic peptide
can be hydrolyzed by a combination of at least six different
peptidases from sourdough lactobacilli and fungal proteases
provided as a food supplement (De Angelis et al., 2010). However,
the finding and use of plant proteases have several advantages
compared to bacterial and fungal peptidases; they are natural
components of harmless food and, unlike the fungal proteases,
their safety must not be proven with potential benefits for
both therapeutics and food processing (Comino et al., 2013).
Therefore, the co-administration of exogenous proteases with
food is a very appealing therapeutic treatment for celiac patients
by facilitating gluten degradation. In particular, the knowledge of
the proteases involved in storage protein mobilization could be
employed to discover proteases able to degrade gluten efficiently.
Several pathologies have been described with gluten intake: celiac
disease (CD), an autoimmune disorder with a prevalence of
about 0.7–2% in the human population (Rewers, 2005) that has
increased in the last fifty years (Rubio-Tapia et al., 2009); and
non-celiac wheat sensitivity (NCWS), a new pathology which is

estimated to occur in about 6% of the population in western
countries (Sapone et al., 2011).

PLANT PROTEASES IN THE
GERMINATION PROCESS OF BARLEY

In cereal grains, different proteases have been involved in
the germination process (Müntz et al., 2002; Grudkowska and
Zagdańska, 2004; Tan-Wilson and Wilson, 2011; Szewinska et al.,
2016). In maize, wheat and barley the CysProts are responsible
of around 90% of the proteolytic activity (De Barros and Larkins,
1994; Zhang and Jones, 1995; Bottari et al., 1996). Plant CysProts
from the papain family (C1A) (Mikkonen et al., 1996; Prabucka
and Bielawski, 2004; Shi and Xu, 2009; Cambra et al., 2012; Diaz-
Mendoza et al., 2016) and CysProts of the legumain family (C13)
(Hara-Nishimura et al., 1998; Radchuk et al., 2011, 2018), are
the most representative groups in proteolysis and mobilization
of storage proteins in cereal grain. Other proteases have been
implicated in the germination process in cereal grains, such
as the S10 serine carboxypeptidases (Ser-) (Dal Degan et al.,
1994; Washio and Ishikawa, 1994; Dominguez and Cejudo, 1999;
Domínguez et al., 2002; Li et al., 2016).

Barley is one of the grain cereals further studied. Proteases,
amylases, dextrinases and other hydrolases are crucial for the
survival of the seedling until the photosynthesis is finally
established (Figure 1). In the barley germination, proteases of
the papain-like C1A (Koehler and Ho, 1988, 1990a,b; Poulle
and Jones, 1988; Zhang and Jones, 1995; Sreenivasulu et al.,
2008) and the legumain-like C13 families (Linnestad et al.,
1998; Radchuk et al., 2011, 2018) have mainly been identified.
Besides, the expression of six serine carboxypeptidases (Ser-CPs)
during maturation and germination of the barley grain has been
documented (Dal Degan et al., 1994; Table 1).

Two cathepsin L-like, EP-A and EP-B, were the first barley
CysProts described to participate in the proteolytic degradation
of the storage proteins in barley grains (Koehler and Ho, 1988,
1990a,b; Poulle and Jones, 1988; Mikkonen et al., 1996). These
CysProts are synthesized in the scutellar epithelium and the
aleurone layer and, then, secreted to the endosperm upon
germination (Mikkonen et al., 1996; Martínez et al., 2009). An
aleurain belonging to the cathepsin H-like group of CysProts
has been isolated from aleurone (Rogers et al., 1985; Holwerda
and Rogers, 1992) and a cathepsin B-like protein, HvCathB,
has been detected in aleurone and developing endosperm
(Martínez et al., 2003). Similarly, a member of the cathepsin
F-like group, the HvPap-1, has been detected in germinating
barley grains (Sreenivasulu et al., 2008). HvPap-1 takes part in
the proteolytic mobilization of stored proteins like hordeins,
albumins and globulins in the barley endosperm and its activity
is modulated by its own propeptide (Cambra et al., 2012).
HvPap-1 contributes to barley grain filling and germination
since over-expression or silencing of HvPap-1 gene in barley
transgenic plants alters the metabolite composition of the grain,
and modifies the germination process by delaying or accelerating
it (Diaz-Mendoza et al., 2016). Likewise, the presence of HvPap-4,
-6 and -10 in the germinating embryo and aleurone layers has
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FIGURE 1 | Schematic representation of Hordeum vulgare grain germination.

been demonstrated, as well as the capacity of hordein degradation
by HvPap-6 and 10 (Martínez et al., 2009). Regarding the
barley C13 legumain-like family, their ability to process other
CysProts in order to activate them to take part in the proteolytic
degradation of the storage proteins it has been also described
(Cambra et al., 2010). This is the case of the HvLeg-2 legumain of
barley, which is highly expressed during germination and could
be involved in the mobilization of storage proteins either by direct
proteolytic degradation or by processing and activation of other
CysProts (Cambra et al., 2010; Julián et al., 2013). Consequently,
for the hydrolysis and mobilization of storage proteins in barley
grains the cooperative proteolysis of papain-like CysProt and
legumains is essential (Cambra et al., 2010). Overall, the diversity
and proteolytic specificity of barley proteases involved in the
degradation of storage compounds makes them a starting point
to select a potential candidate for further applications.

POTENTIAL APPLICATION OF BARLEY
PROTEASES IN CELIAC DISEASE

From an applied point of view, this wide knowledge on barley
proteases acting in the germination process could be employed to
manipulate and improve the grain composition not only in barley
but also in those cereal species such as wheat, oat, rye and related
species and hybrids, in which a number of proteins, known as
gluten proteins, affect the health of sensitive consumers.

Celiac disease is the best-characterized pathology associated
with gluten consumption and there is a major environmental
factor, the ingestion of gluten proteins not only from wheat but
also from barley and rye. It has also an important genetic risk
factor related to the genes encoding for the human leukocyte
antigen (HLA) -DQ2 or -DQ8 (Schuppan, 2000). A lifelong
gluten free diet reverses signs and symptoms of celiac disease
and NCWS. Nevertheless, this is difficult to follow due to the
wide gluten presence in many diet foods. Gluten is a very

TABLE 1 | Example of Hordeum vulgare proteases involved in germination.

Protease
family

Hordeum vulgare proteases References

C1A Cathepsin L-like (EP-A and EP-B)
(HvPap-4, -6 and -16)

Koehler and Ho, 1988,
1990a,b; Poulle and Jones,
1988; Mikkonen et al.,
1996; Martínez et al., 2009

Cathepsin H-like (aleurain) Rogers et al., 1985;
Holwerda and Rogers,
1992

Cathepsin B-like (HvCathB) Martínez et al., 2003

Cathepsin F-like (HvPap-1) Sreenivasulu et al., 2008;
Cambra et al., 2012;
Diaz-Mendoza et al., 2016

C13 Legumains-VPEs (HvLeg-2, -3, -7) Linnestad et al., 1998;
Radchuk et al., 2011;
Julián et al., 2013

Legumains-VPEs (HvLeg-5 also
called HvVPE4)

Radchuk et al., 2011, 2018

Ser-CP Six Serine Carboxypeptidases
(Ser-CPs)

Dal Degan et al., 1994

complex mixture of storage proteins classified into glutenins and
gliadins, comprising around 80% of the total grain proteins,
with about 30% gliadins and 50% glutenins. Most of the CD
related epitopes have been found in the gliadin fraction (Arentz-
Hansen et al., 2002). Gliadins are rich in the amino acids
proline, and glutamine, which make them resistant to being fully
digested in the gastrointestinal tract. This is the case of human
proteases, which do not accept proline at their cleavage sites.
Partial digestion of gluten generates small peptides which induces
a CD4+ T-cell inflammatory response leading to villous atrophy
through a two-signal model (Brandtzaeg, 2006). According to this
model, a first innate immune response is triggered by certain
peptides, such as the 19-mer gliadin peptide, resulting in the
production of interleukin 15 (IL-15) by epithelial cells. The
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result is the disruption of the epithelial barrier by increasing
its permeability. Then, other immune-adaptive peptides, like the
33-mer, can reach the lamina propria and they are deaminated by
the tissue transglutaminase (tTG2), providing a strong negative
charge to gliadin peptide enhancing their affinity to bind within
the HLA-DQ2/8 bound (Bethune and Khosla, 2012).

Different therapeutic alternatives are being developed, as
the inhibition of transglutaminase, the antagonism of peptide
binding to HLA-DQ2 or HLA-DQ8, the enzymatic detoxification
of gluten, or the introduction of natural amino acid substitution
to eliminate toxicity (Schuppan et al., 2009; Ruiz-Carnicer et al.,
2019). Some other strategies have been developed trying to
relieve the negative effect of gluten proteins (Scherf et al., 2018).
A promising approach is the down-regulation of genes encoding
for gliadins by RNAi technologies, generating transgenic wheat
lines with low levels of toxicity for celiacs (Gil-Humanes et al.,
2010). Previous investigations have already developed wheat with
a down regulation of gliadins expression by hairpin technology.
As result, a very low or null T-cells stimulation was proven
(Gil-Humanes et al., 2010). The reduced-gliadin breads showed
baking and sensory properties, and overall acceptance, similar to
those of normal flour, but with up to 97% lower gliadin content
(Gil-Humanes et al., 2014). Their results showed that targeting of
genes related to celiac disease is feasible and may reduce T-cell
epitopes. More recent, low-gluten wheat was engineered with
CRISPR/Cas9 technology (Jouanin et al., 2018; Sánchez-León
et al., 2018), providing bread and durum with reduced amount
of α-gliadins in the seed kernel and a low immunoreactivity for
gluten intolerant consumers.

In addition, enzymes able to degrade gliadins have been
suggested as hopeful therapeutic agents, as is the barley CysProt
EP-B2, which efficiently hydrolyzed a recombinant wheat gluten
protein, α2-gliadin, which contains sequences with known
immunotoxicity in celiac sprue patients (Bethune et al., 2006).
Some prolyl endoproteases from Aspergillus niger (AN-PEP) and
Sphingomonas capsulate (SC-PEP), with also gliadin degradative
capacity, have been characterized (Gass et al., 2007). An EP-B2
and SC-PEP combination has been studied as a promising
therapeutic tool, being EP-B2 responsible for hydrolyzing gluten
proteins into short oligopeptides, which are still toxic, and
SC-PEP for breaking down these oligopeptides into non-toxic
metabolites (Gass et al., 2007).

WHEAT GLUTEN HYDROLYSIS BY
BARLEY CYSPROT

To further explore the enzymatic strategy, we have now
analyzed the degradation of six different gliadin fractions from
wheat cultivars and breeding lines (Perico, THA1, THA7,
THA53, BW2003, and BW208) (Gil-Humanes et al., 2012)
by four different CysProt from barley (HvPap-1, -4, -6, and
-16) (Supplementary Material). These proteases have been
previously identified, characterized and purified in Escherichia
coli (Martínez et al., 2009). With the use of these four CysProt as a
representation of different groups of L-like cathepsins and F-like
cathepsins, a wide view of their activity on gliadin proteolysis has

been achieved. The final goal has been to explore their potential
to reduce gliadin content in the wheat gluten or to use them in
therapy treatments.

Hydrolysis of the different wheat gliadins by purified barley
CysProt was observed by western blot analysis. When gliadins
from the six wheat cultivars were treated with HvPap-1, -4, -6,
and -16 for 1 and 12 h, different degradation patterns by each
CysProt were observed (Figure 2A). Degradation in all gliadin
samples was appreciated after 1 h of incubation with HvPap-1,
-4, -6, and -16 proteases. In most cases, higher bands remained
stable while lower molecular weight bands started to disappear
after 1 h of treatment. After 12 h of incubation with barley
proteases, an increased differential degradation of gliadin bands
was observed. Whereas higher molecular weight bands remained
stable after HvPap-16 and HvPap-1 treatments (Figures 2A,A–L),
degradation was almost complete after HvPap-4 and HvPap-
6 action (Figures 2A,M–X). To discard any processing or
degradation effect due to instability or autohydrolysis, gliadins
were incubated for 12 h without proteases (Figure 2B). Likewise,
as HvPap-1, -4 and -16 were activated by adding pepsin, an
analysis of gliadins stability in presence of this commercial
peptidase was carried out (Figure 2B). Although some smaller
bands were hydrolysed by pepsin, in all treatments the band with
higher molecular weight remains stable after 12 h incubation,
in contrast with the total degradation exerted by HvPap-4
and HvPap-6. These proteases seem to be the most promising
gliadin-degrading enzymes. Furthermore, as HvPap-6 does not
need to be activated by pepsin, this protease should be selected
over HvPap-4 since degradation is only due to its own activity.

PLANT PROTEASES AND CELIAC
DISEASE: FUTURE PERSPECTIVES

The potential of plant proteases to alter grain content and
the mobilization of stored proteins greatly supports their
use as biotechnological tools. As an example, gluten proteins
responsible of celiac disease and other gluten-related pathologies
are suitable targets for these enzymes. For gluten intolerant
patients, the only available treatment is a gluten-free diet, which
is extremely difficult to maintain due to gluten ubiquity in
human diets. Given the negative impact of quality of life of celiac
patients, there is an urgent need to develop food suitable for
them. In our research, we have provided new information on the
potential of plant CysProt to reduce gliadin content. HvPap-6
CysProt ranks as the best candidate given the encouraging
results of this study. The final aim would be the development
of transgenic lines of wheat overexpressing this CysProt under
endosperm specific promoters to reduce gluten toxicity. This
cereal would be used afterward to obtain flour with which to
elaborate products suitable for humans with this autoimmune
enteropathy. Transgenic wheat lines overexpressing the HvPap-6
gene from barley would have advantages in comparison of
oral enzyme therapy since consumers will not be exposed to
harmful gluten. Unwanted reactions in celiac patients probably
would decrease by consuming lower or even null levels of toxic
gluten from transgenic wheat lines. Administration of hydrolytic
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FIGURE 2 | (A) Western blots of 8 µg of gliadins from Perico, THA1, THA7, THA53, BW2003, and BW208 wheat cultivars, incubated with 2 µg of each barley
CysProt for 0, 1, and 12 h at 28 ◦C. Gliadin incubation with HvPap-16+P (A–F); HvPap-1+P (G–L); HvPap-4+P (M–R); HvPap-6 (S–X). (B) Gliadins stability assays
after 12 h of incubation without pepsin as control and gliadin treatments with 6 µg of pepsin for 12 h (A–F). Immunoblotting was performed with Gluten Tox G12
HRP-conjugate antibody, 200× (Biomedal diagnostics) following the manufacturer instructions. Pepsin (P) and molecular weight in kilo Dalton unit (kDa).

glutenases as food supplement is an alternative to deliver the
therapeutic agents directly to the small intestine, for further
degradation of wheat gluten. One step beyond would be to
produce transgenic wheat lines combining the overexpression
of a CysProt with high gliadin-degrading efficiency and
the downregulation of the expression of gliadins using genome
editing techniques. The next step should be to evaluate the in vivo

efficiency of selected proteases for degrading wheat gliadins in
the endosperm. For that, overexpression of these proteases under
the control of endosperm specific promoters, such as those from
HMW, gamma or alpha-gliadins would be necessary. A recent
publication by Osorio et al. (2019), expressing an endoprotease
from barley reinforced our perspective about this approach.
These authors overexpressed the barley protease EP-B2,
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combined with prolyl endopeptidases from bacterium, under the
control of the endosperm specific wheat 1Dy high-molecular
wheat glutenin promoter (pHMWg). A significant reduction (up
to 67%) of the amount of the indigestible gluten peptides of all
prolamin families was achieved. This approach will contribute, in
combination with other strategies like CRISPR/Cas9, to provide
wheat varieties suitable for celiac and other gluten intolerance
patients. Overall, with new goals, the potential of exploring the
properties of plant proteases acting along seed germination will
open a great field of research, as a biotechnological alternative
to provide new prevention strategies in protein-caused disorders.
In conclusion, this is an alternative approach for enzymatic
gluten degradation to generate gluten-free wheat to manufacture
gluten free products.
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