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Glucosinolates (GSLs) are secondary plant metabolites abundantly found in plant order Brassicales. GSLs are constituted
by an S-B-d-glucopyrano unit anomerically connected to O-sulfated (Z)-thiohydroximate moiety. The side-chain of the O-
sulfate thiohydroximate moiety, which is derived from a different amino acid, contributes to the diversity of natural GSL,
with more than 130 structures identified and validated to this day. Both the structural diversity of GSL and their biological
implication in plants have been biochemically studied. While intact GSLs are biologically inactive, various products,
including isothiocyanates, nitriles, epithionitriles, and cyanides obtained through enzyme-catalyzed hydrolysis of GSLs,
exhibit many different biological activities, among which several therapeutic benefits have been suggested.
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| 1. Introduction

Amino acid-derived glucosinolates (GSLs), which are secondary plant metabolites constituted of a sulfate and thioglucose
moiety, play important biological roles in the Brassicaceae family defense system, crops of great relevance to agriculture.
[ The coexistent thioglucosidase myrosinase (MYR) (EC 3.2.1.147) originally segregated within plants &, will come in
contact with GSL upon tissue disruption. Consequently, the enzymatic hydrolysis of GSL occurs to form glucose, and an
unstable aglucone that undergoes degradation to afford a wide range of active components in response to environmental
stresses (Figure 1). Along with the aforementioned role in the defense system, GSLs are likely involved in the survival
system of the Brassicaceae family. In a study on Arabidopsis thaliana under abiotic stress (e.g., high salt), the
overproduction of short-chain aliphatic GSL and underproduction of indolic GSL in leaves occurred [, suggesting the
adaptation of the plant in response to environmental stresses, and thus demonstrating the biological importance of GSLs
in the Brassicaceae survival system, besides their prominent role involved in defense mechanism.
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Figure 1. Hydrolysis of glucosinolate (GSL) by myrosinase (MYR) upon tissue disruption. (R = alkyl, aryl, indole).

| 2. Natural Occurrence of Glucosinolates

The abundant presence in Brassicaceae vegetables and condiments makes GSLs of interest to human society. To date,
the therapeutic benefits of GSLs [4 have drawn more attention to this class of secondary metabolites, alongside with their
original food purposes. Although several synthetic approaches have been documented &, most natural GSLs reside in
plants, with more than 130 different GSLs having been validated. Sl

GSL concentration is unequally distributed throughout the plant body. For instance, in Brassica napus, the GSL
concentration in the seed is greater than that in leaves.[l This variation appears to be more relevant in root vegetable
crops (Moringacea family) than that in oilseed crops (Brassicaceae family). Moreover, the GSL profile varies depending on
the tissue type. Although aliphatic GSLs predominate both in leaves and in seeds, indole GSLs are more abundant in
leaves than in seeds.¥) This difference may be related to different functions of different parts of plants. A study of
Troufflard et al. showing that A. thaliana accumulated more GSL in the roots than in the shoots in response to abiotic
stress is clear evidence to support the last suggestion.2q For further literature on plant response to abiotic stress
involving GSL accumulation, we recommend the review by Martinez-Ballesta et al.l11



Breeding approaches are often employed to obtain crops with low GSL content for food or feed purposes [26-28], while
those with high GSL content remain of interest for non-food applications.t213I14] Therefore, the choice of species should
be carefully considered with regard to the downstream purposes of raw materials. We also suggest that growth conditions
should be highly regarded in order to adapt the chosen crops to their cultivating environment.

The occurrence of GSL varies among different species within the same order, as shown in Table 1. These variations even
occur for the same crop depending on the years. For instance, Ishida et al. reported that the amount of GSLs in the same
crops of Japanese radish varied between 2005 and 2009.2%! |t is assumed that the accumulation of GSLs within plants
highly depends on environmental factors such as the weather that undergoes slight changes through the years, thus
directly impacting the GSL contents of the crops. Therefore, the GSL content of the same crops must be kept updated
annually, or more frequently if needed.

Table 1. Occurrence of GSL in plants of order Brassicales. GSL concentration is expressed as a minimum—maximum in
pmol/g of dry material.

Family Species Tissue GSL Content Reference



Brassicaceae

Camelina sativa

Camelina rumelica subsp.
rumelica

Camelina macrocarpa

Brassica napus

Brassica carinata A Braun

Brassica juncea

Brassica oleracea L. var capitata

Brassica oleracea L. var italica

Brassica oleracea L. convar
capitata var alba

Brassica rapa

Arabidopsis thaliana

Raphannus sativus L.

Seed

Seed

Seed

Leaf

Seed

Seed

Leaf

Seed

Leaf

Floret

Petiole

Leaf

Seed

Leaf

Root

15.8-19.4

18.6-21.7

8.0-19.1

0.6-6.9

10.8-57.9

35-170

4.3-129.9

15.7-127.6

2.3-115

8.2-19.5

0.5-31.7

17.3

39.4-81.3

5.0-30.7

1.0-145.5

18]

[8][17][18]

[12][13]

KN4

[15](23]



Leaf 4.7-217 [14][24]
Moringa oleifera Lam.

Seed 112-354.4 (2lizel
Moringacea
Leaf 33.9-594
Moringa stenopetala L. [27][28]
Seed 256-282

| 3. Structure and Classification of Glucosinolates

GSLs are anions composed of thiohydroxymates carrying an S-linked B-glucopyranosyl residue and an N-linked sulfate
bearing an amino acid derived side-chain, which is referred to as the “R group” in the general structure Figure 1. This
side-chain is subject to broad structural variation with associated biological functionalization associated. €

GSLs are frequently classified in three main families based on the nature of these amino acids, namely “aliphatic”,
“aromatic”, and “indole”.22 However, that classification is thought to be of little biological and chemical significance,
according to the recent review by BlaZevic et al.l8l The authors have then introduced a classification system based on
amino acid precursors. In their review, they identify over 130 validated GSLs which were classified into nine panels from A
to |1 depending on three main criteria: (1) amino acid precursor, (2) type of degradation product, either volatile or non-
volatile isothiocyanates (ITC) or oxazolidine-2-thione; and, (3) presence and absence of an aromatic moiety in the GSL.

The proposed criteria offer a reliable system for GSL classification based on the chemical and biochemical properties of
GSLs and their degradation product while conserving the information related to their amino acid precursor. The criterion
concerning the presence or absence of an aromatic moiety in the GSL is meaningful as it allows the quick separation of a
large amount of GSLs while using UV detectors. The usefulness of this criterion was demonstrated by the authors by
separating GSLs of which Phe, Tyr, and Trp are precursors, from other non-aromatic groups. Moreover, further
subgrouping within the aromatic group that separates indolic GSL from other phenylalkyl and less common aromatic GSLs
appears to be of use.

| 4. Stability of Glucosinolates
4.1. Effects of Processing Methods on Glucosinolate Profile

Besides the chemical degradation involving MYR-catalyzed hydrolysis, the thermal degradation of GSLs is often
mentioned.[BA3132] A5 3 result, GSL profiles of cooked brassica vegetables are altered at a different level depending on
employed culinary techniques, such as cooking, steaming, and microwaving. The reduction of red cabbage (Brassica
oleracea) indolic GSL during the cooking process was observed.23 The content of glucobrassicin (Structure shown in
Figure 8) and its homologs were drastically declined due to the cooking process performed under 120 °C. On the other
hand, aliphatic GSLs appear to be more stable, with only a slight degradation has been observed under the same cooking
conditions. The degradation became drastic for all GSL under canning conditions, whereas the process temperature
exceeds 120 °C. The total amount of GSL has been reduced by over 70% under these harsh conditions. These
observations are drawn from conclusions about the difference in thermal stabilities between aliphatic and indolic GSLs.

A study conducted by Song and Thornalley also reported the thermal degradation of GSL due to the domestic processing
of Brassica vegetables, such as Brussel sprouts, broccoli, cauliflowers, and green cabbage.[ﬂ] Moreover, the effects of
the cooking method, such as microwave, steam, and stir-fry, on GSL amounts of studied materials were investigated. The
results showed that cooking by these cooking methods did not produce a significant loss of GSL, in contrast to boiling,
which showed significant losses by leaching of GSL into cooking water at high temperatures.2d Therefore, boiling
Brassica should be avoided in order to preserve intact GSL in raw materials.

A recent study on the roasting process of rapeseed seed reported shows that industrial-scale post-harvest treatments,
which are often necessary to produce higher quality oil-related products, also impact the GSL profile of plant materials.[32
Up to 29% of the original GSL amount in plant materials have been reduced during the roasting process. The results
indicate that the industrial-scale roasting processes reduce the GSL amount of plant materials due to the thermal
degradation, with up one-third of GSLs are degraded via thermal degradation.



Based on the information outlined above, we suggest that, with regards to downstream purposes, the selection of plant
material should rely on the processing method. Although thermal treatments of plant materials, whereas the GSL content
is often reduced, are beneficial for food and feed applications, these should be avoided in order to maintain the desired
amount of GSL for non-food purposes. The review by Hanschen et al.B2 is highly recommended for further reading
concerning the reactivity and stability of GSL and their breakdown products in food.

4.2. Degradation of Glucosinolates in Solution

The stability of GSL and desGSL from Moringa oleifera in solution was investigated with the presence and absence of
buffer.[22l The GSL extracted from plant materials, either desulfated or intact, were dissolved in ultra-pure water and stored
at room temperature or —20 °C. After nine days of storage, the GSL profile of the extracts was analyzed. The results
showed that GSLs were stable at low temperatures with little isomeric conversion or degradation of GSLs having
occurred. On the other hand, a GSL solution stored at room temperature showed conversion among acetylated GSL
isomers. Furthermore, the degradation of GSLs has been reported to be up to 32% of the original total amount of GSL. At
room temperature, buffered solutions of GSL appear to be more stable than those in water solution, with a reduction of
20% of the total amount of GSLs being recorded within nine days. There was no significant difference between unbuffered
and buffered GSL stored at low temperatures. Based on this information, storing GSL in buffer solutions at low
temperatures (at —20 °C, in preference) is suggested to safely conserve the original GSL profile in extract when GSL is
required to be stored in solution instead of stable solid salt form.

| 5. Biological Activities of Glucosinolates
5.1. Mechanism of Myrosinase

GSL play an important role in the defense mechanism of Brassica plants. Upon tissue disruption, catabolites released by
MYR-catalyzed hydrolysis are frequently responsible for the toxicity of the parent GSL, which, in contrast, are biologically
inactive.28l871 This mechanism of prevention against herbivory feeding suggested the main function of GSLs in plant
defense systems. 28]

The intact GSLs are stored separately from the thioglycosidase MYR. The latter catalyzes the hydrolysis of GSL upon
plant tissue disruption. As described in Figure 1, an unstable aglucone moiety has been released alongside with the
glucose during hydrolysis. The aglucone moiety then undergoes further transformation to yield a number of metabolites.

MYR belongs to the Glycosidase family (EC 3.2.1.). Although it catalyzes S-glycosylation, the deduced amino acid
sequences of MYR reveal strong similarities with several O-glycosidases.®¥ Furthermore, MYR displays a retaining
mechanism that is similar to that of family 1-O-glycosidases.[4Y In order to elucidate the mechanism of MYR, Burmeister
et al. have studied the crystallographic structure of MYR.[224]

The crystallographic structure was generated by soaking the MYR crystals in 2-deoxy-2-fluoroglucosinolate (2FG)
(Structure shown in Figure 2c). The results clearly showed that the 2-fluoroglucose moiety, released from the substrate
upon myrosinase attack, is covalently bound to Glu409 within the active site (Figure 2a). The crystallization of 2FG-MYR
complex confirmed MYRs as retaining glycosyl hydrolases.
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Figure 2. Overview of the active site of Sinapis alba Myrosinase showing interactions between residues and the 2-deoxy-
2-fluoroglucosinolate (2FG) as substrate (Protein Data Bank accession humber 1E70, resolution: 1.65 A).[4l Red dashed
lines show hydrogen bonding interactions between the substrate and MYR residues within the active site. (a)
Representation of the active site of Sinapis alba Myrosinase generated using PyMol. (b) Chemical structure
representation of the MYR-2FG. (c) Structure of 2-deoxy-2-fluoroglucosinolate.

Like most retaining glycosyl hydrolases, MYRs follow a conventional two-step mechanism: (1) the formation of covalent
substrate-enzyme intermediate; and (2) the release of glucose via hydrolysis of the previously formed intermediate. The
mechanism of glucose hydrolysis is described in Figure 3. The glycosylation begins with the introduction of GSL into the



active site of MYR. The residue Glu406 then binds to the glucose moiety of the substrate at the anomeric position,
releasing aglucone moiety.

Ascorbic acid was identified as a coenzyme of MYR for the first time by Ettlinger et al.22 Although it has been proved to
be nonessential for the catalyzed hydrolysis of GSLEY, the presence of ascorbic acid enhances up to 400-fold the
glycosylation of MYR ¥2l. The ultimate step consists in the release of both ascorbic acid and glucose from the active site
to yield the enzyme in its native conformation.
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Figure 3. Schematic reaction mechanism of MYR in the presence of ascorbic acid.
5.1.1. Hypothetical Recognition Role of Sulfate Group

Although represented as a characteristic of GSL, the sulfate group in the aglucone moiety exhibits an unclear function
towards MYRs. Nonetheless, the distorted conformation of GSLs due to the interaction of the sulfate group with the amino
acid side-chain of the myrosinase within its active site has been mentioned.®Y Based on these results, it was
hypothesized that myrosinase recognizes glucosinolate substrates via the sulfate group.

Attempts to rationalize the recognitive function of the sulfate group have been conducted based on the feeding pattern of
crucifer specialist insects. The investigation on Plutella xylostella larvae feeding pattern devised by Ratzka et al.
suggested that the removal of the sulfate group renders GSLs invisible to MYR.%3! Furthermore, a number of articles have
been published emphasizing the importance of the removal of the sulfate group of GSL which allows specialist insects to
feed on crucifer plants.[23144]145]

These observations are strong proof supporting our hypothesis regarding the recognition role of the sulfate group within
the defense system in crucifer plants. However, there is, to date, no further research article investigating the sulfate group
of GSLs since the publication of the crystal structure of Sinapis alba MYR by Burmeister et al.B2[41 Fyrther investigation
of the substrate recognition mechanism of MYRs will undoubtedly confirm the role of the sulfate group.

5.1.2. Reconfiguration of Unstable Aglucone

As described previously, an unstable aglucone moiety of GSL is released alongside with a glucose unit upon MYR-
catalyzed hydrolysis. A number of biologically active compounds are next obtained via the reconfiguration of unstable
aglucone.BY |TC, the most studied among GSL catabolites, is obtained via a spontaneous Lossen rearrangement of the
corresponding aglucone under physiological conditions (Figure 4).

An additional range of bioactive non-ITC catabolites from MYR-catalyzed hydrolysis were also identified.BU43! Sinigrin is
the only known GSL that can form ITC alongside other products such as nitriles, epithionitriles, and thiocyanates (Figure
4). Their formation is regulated by the prerequisite allyl structure of the aglucone and the presence of protein specifiers.4€!
It is noteworthy that these catabolites are as well obtained in low-yield in vitro at low pH in the presence of ferrous ions in
spite of the absence of specifier-proteins.[48 These findings draw conclusions about the pH dependence of catabolite
formation due to the reconfiguration of GSL aglucones.
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Figure 4. Reconfiguration of unstable allylglucosinolate aglucone upon myrosinase-catalyzed hydrolysis. The black arrow
pathway shows the formation of allylisothiocyanates employing spontaneous Lossen arrangement. The Blue arrow
pathway shows the formation of allylthiocyanate assisted by protein specifier. The red arrow pathway indicates the
formation of allylcyanide assisted by protein specifier. The figure was adapted from Eisenschmidt-Bénn et al.[28]

5.2. Biological Activities of Glucosinolates and Their Catabolites

Negative effects of GSL on domestic animals have been documented by Tripathi and Mishra in their review.4d These
effects usually occur upon the assimilation of GSLs at high concentrations. Among relevant symptoms, reduction of feed
intake, which causes growth depression, and induction iodine deficiency are often reported.[48149 Moreover, high GSL
diets eventually result in higher mortality in pigs, rats, and rabbits.2Z As such, an intake limit of GSL should be defined d
in order to avoid the occurrence of unexpected negative effects.

To the best of our knowledge, there is no clear evidence in the literature indicating the negative effect of GSL on human
health upon assimilation. In contrast, GSL catabolites such as ITC and nitrile have been proved to provide attractive
therapeutic effects such as the induction of phase Il enzymes.Bd The augmentation of tissue levels of the phase Il
detoxification enzymes is associated with decreased susceptibility to chemical carcinogenesis.2! In their study, Munday
and Munday observed an increase in the phase Il detoxification enzymes, such as quinone reductase and glutathione S-
transferase in rat tissues by daily oral-assimilating of different ITC compounds.2d The authors, therefore, suggested that
chemoprotective effects are common in ITC.

GSL catabolites are potent inhibitors of bacterial activity].[4l Although intact GSL was usually bio-inactive ¥4, allyl ITCs
exhibit antimicrobial activities. By studying the effect of allyl ITCs on Staphylococcus aureus, a methicillin-resistant
bacterium that causes purulent skin and soft tissue infections, Dias et al. concluded that these molecules issued from
catalyzed-hydrolysis GSL possess strong antimicrobial activity against these specific bacteria.l52

Biofumigation is a process where plants are used as natural “pesticides” to reduce soil-borne pests and pathogens.
Biofumigation properties of GSL and their breakdown products have been investigated by Haschen et al.23] |n their study,
the cultivation of Brassica juncea produced a significant amount of GSL and their hydrolysis products, such as ITC and
nitrile, and released them into the cultivating soil. Consequently, the inhibition of bacterial community growth that cannot
support the effects of breakdown products of GSLs has been observed. These results confirmed the fumigation properties
of GSLs and their breakdown products

In other circumstances, GSLs are catalytically hydrolyzed in vivo by supplementary proteins known as specifier proteins.
(4] These latter promote the formation of non-ITC catabolites such as nitriles, epithionitriles, and thiocyanates, of which
biological roles have been reviewed.8! The coexistence of specifier proteins, along with MYR suggests the adaptation of
the plant to circumvent the presence of natural enemies. For instance, favoring the production of simple nitriles over ITC
upon herbivore damage enables better defense of A. thaliana against the specialist herbivore.[52!
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