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Brassica carinata is cultivated in the Southeast of the United States as a winter 

crop for aviation fuel and other valuable co-products. The proteins extracted from the B. 

carinata meal (referred as Carinata meal) are not yet considered nutritionally safe due 

to their high content of glucosinolates and erucic acid. Furthermore, the presence of 

additional antinutrients and other metabolites reduces the usability of these valuable 

proteins for which applications might otherwise be found in the food industry thanks to 

their functional properties. The removal of these secondary metabolites prior to protein 

extraction is, therefore, required in order to allow a full valorization of the latter. 

Secondary metabolites in Carinata meal are particularly of interest as bioactive reagents 

thanks to their biological activities. Taken together, a potential valorization of proteins 

and secondary metabolites will enhance the added value of Carinata meal. 

In this dissertation, information related to structure, composition, and natural 

occurrence of Brassica carinata proteins will be first discussed along with the current 

extraction and purification methods. Next, the natural occurrence, biosynthesis, 

accessibility of main secondary metabolites will be reviewed. Literature evidence related 
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to biological activities of these secondary metabolites will also be discussed in order to 

confirm the potential use of these molecules. 

The sustainable recovery of secondary metabolites from Brassica agro-industrial 

products often involves the use of high concentrations of ethanol and/or high 

temperatures. Therefore, the effects of an optimized extraction process using aqueous 

ethanol as the extraction solvent were studied and are reported in this document. The 

outcomes resulted in an optimal protein extraction process from Carinata meal with 

minimized effects on protein extractability and functional properties. 

Phenolic compounds are of particular particularly thanks to their functionalizable 

structures. In order to further valorize these valuable biobased compounds, chemical 

modifications are often required. Such transformations can give access to a novel family 

of high-value biobased monomers. 

Upon tissue damages, toxic breakdown products of glucosinolates are released 

by myrosinase-mediated hydrolysis. In order to reduce the toxicity of these secondary 

metabolites in Carinata meal, a biochemical approach by mimicking the feeding pattern 

of a Brassica specialist will be established. 
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CHAPTER 1  
INTRODUCTION TO Brassica carinata 

Background 

The production of energy has continually grown to meet increasing global 

demand due to population growth. The International Energy Agency (IEA) reported that 

global energy demand increased by 0.9% in 2019 to 120 million tons of oil equivalent.1 

In recent years, interest in energy production from renewable sources has increased 

significantly, with a global growth of 3.7% in 2019. In the same year, renewable energy 

made up to 11% of primary energy consumed in the United States, which is equivalent 

to 2.25 billion barrels of petroleum, or 500 million tons of coal.2 Energy from biomass, 

which makes up 43% of the total energy consumed in the U.S. from renewable sources 

(Figure 1-1), is counted among low-carbon energy sources.1,2 Renewable energy from 

biomass has been mainly produced from oilseeds by pyrolysis.3 The most popular 

oilseeds include soybean, palm, rape, and sunflower. Rapeseed crops are popular as 

its oil is easily and cheaply available on the international market.4 Compared to palm, 

rapeseed crops are more advantageous for being seasonal crops. According to a report 

of United States Department of Agriculture (USDA) in December 2019, rapeseed is the 

third most abundant oil, and over 27 million metric tons have been produced worldwide 

in 2019, just behind palm and soybean (Figure 1-2).5 Taken together, rapeseed has 

increasingly drawn attention as a profitable oilseed crop. 

The Southeast Partnership for Advanced Renewables from Carinata (SPARC) 

promotes the cultivation of Brasssica carinata, a close relative of rapeseed, as a non-

food, winter oilseed crop in the Southeast United States of America.6 These plantations 

will be economically and ecologically beneficial for local farmers, as cultivating B. 
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carinata preserves local ecosystems by improving the conservation of the soil nutrient 

and moisture during winter seasons.7 While the main purpose of these cultivation is 

geared toward renewable bio-fuel production, the residual meal has been demonstrated 

to be suitable for cattle feeding.8 Additionally, bio-product and co-product feedstock will 

enhance value across the supply chain. 

Brassica carinata, a Valuable Oilseed Crop 

Historically cultivated in Ethiopian highlands and adjoining areas of East Africa 

and Mediterranean regions, Brassica carinata—Ethiopian mustard or Abyssinian 

mustard—is an oilseed crop with high content in oil (up to 48% of seed weight). 

Naturally occurring B. carinata is a genetic hybrid between B. nigra and B. olearacea.9 

First consumed as food by Ethiopians, B. carinata has recently become a 

feedstock for biofuel production.10 Rich in erucic acid (which makes up > 40% of total oil 

content) and containing a low content of saturated fatty acids (< 7%), the oil fraction of 

B. carinata is desirable for aviation bio-fuel production thanks to its attractive oil profile 

(higher molecular weight than other seed oils; a higher relative concentration of very 

long chain fatty acid versus long chain and saturated fatty acids, which requires minimal 

processing during the refining.7,11 

Compared to other mustard species, B. carinata is a potential candidate for 

dedicated biofuel production in warmer regions thanks to its high seed yield, high oil 

content, heat resistance, and low seed shattering yield.12 B. carinata seeds harvested 

across the Southeast U.S in 2015-2017 season showed high seed yield with high oil 

content, and up to 3161 kg/ha and 47.8% of seed weight, respectively, have been 

documented.12 The oil quality was determined to be high in erucic acid, making up to 

42.9% of seed oil fraction. Moreover, the cultivation of B. carinata as a winter crop has 
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proven to be economically profitable while providing ecosystem services by bringing 

under-utilized fallow land under cultivation.12 

Whereas the main purpose of B. carinata cultivation is to provide raw materials 

for biofuel production, the residual meal contains a high protein content that has been 

approved as a cattle feed supplement.7 The nutritional information for B. carinata protein 

from meal remaining after biofuel and bio-oil production was reported by Xin and Yu.13 

These authors also confirmed the viability of using B. carinata as a high-protein 

supplement source for cattle feeding. These conclusions were in agreement with the 

observation reported by Schulmeister and co-workers who fed beef cattle with B. 

carinata meal as a daily protein supplement.8 Based on the performance among 

different selected meals, the authors suggested that B. carinata meal is a potential 

alternative to commonly used protein supplements like cottonseed and soybean meals. 

Canola—Brassica napus—has been designated by the Food and Drug 

Administration (FDA) to be safe for human consumption.14 In addition, canola meal 

proteins are balanced in all essential amino acids, with a better amino acid profile than 

soybean protein.15 Canola proteins are also less lipidemic and atherogenic than casein 

by comparing the lysine/arginine ratio, a determinant of the cholesterolaemic and 

atherogenic effects, in both protein isolates. B. carinata, as a close relative to B. napus, 

is expected to deliver similar nutritional performance than that of its relative. Protein 

isolate from B. carinata meal also exhibits desirable functional properties for the food 

industry, such as foaming and emulsifying.16 Taken together, existing data indicates that 

B. carinata proteins are well-suited to human consumption, either as a protein 

supplement or as a food additive. 
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Secondary metabolites present in B. carinata meal include phenolic compounds 

(PCs), mainly tannins and sinapine, glucosinolates (GSLs), and phytic acid. Negative 

effects of these metabolites on canola proteins are often mentioned.17–19 For example, 

with its six phosphate groups and twelve dissociable protons, phytic acid behaves as a 

precipitating agent.18 Phytic acid is also considered to be an antinutrient due to its ability 

to bind essential dietary minerals, thereby reducing their bioavailability. PCs are present 

in B. carinata, along with condensed tannins, in both the free and esterified forms with 

sinapic acid (SinA). Deteriorated functional performance has been observed when 

phenolic compounds are bound to canola protein gel.20 Additionally, PCs are believed to 

contribute to the dark color and astringent taste of the protein isolate solution.21 GSLs 

are a family of sulfur-containing molecules and over 130 different GSL structures have 

been discovered to date.22 The pungent, mustardy flavor and odor of B. carinata is 

related to degraded metabolites from hydrolysis of GSLs.21 When high concentrations 

are consumed, these degraded metabolites are deleterious to animal health.23 The 

structures of common secondary metabolites present in B. carinata meal are shown in 

Figure 1-3. 

Despite the aforementioned antinutritional effects, these secondary metabolites 

display interesting characteristics, which might allow them to be transformed into value-

added products for non-food applications. For example, phytic acid is beneficial for 

cancer prevention.24–26 Furthermore, the effects of phytic acid on multiple common 

pathological conditions such as Alzheimers, diabetes, and high cholesterol have been 

documented.27 PCs, on the other hand, exhibit strong antioxidant properties.28,29 In 

addition, cardio-protective, anti-cancer, anti-diabetic, and anti-aging effects have been 
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documented, as well as many other beneficial biological activities of these 

metabolites.30 Although intact GSLs are biologically inactive, their breakdown products 

possess therapeutic activities including anti-cancer31 and anti-bacterial32,33. 

Dissertation Overview 

We believe that cultivating B. carinata can be profitable in the southeastern US 

thanks to its high oil content and suitable quality, which makes B. carinata oil an ideal 

feedstock for bio-fuel production. Residual meal issued from bio-fuel production, on the 

other hand, could be used as a protein supplement for beef cattle feed and secondary 

metabolites such as GSLs and PCs could be employed for downstream applications in 

the pharmaceutical and cosmetic industries. 

In order to provide sufficient knowledge of the main compounds in B. carinata 

meal, the next three chapters will sequentially focus on seed storage proteins, PCs, and 

GSLs. In Chapter 2, the origin, structural information, and applications of seed storage 

proteins in B. carinata are discussed along with other minor proteins such as oleosin 

and trypsin inhibitor peptides. The innate occurrence, biosynthesis, accessibility via 

chemical synthesis or biomass extraction, and biological activities of sinapic acid and its 

derivatives, and glucosinolates will be discussed in Chapters 3 and Chapter 4. As the 

recovery of secondary metabolites from agro-industrial wastes have nowadays drawn 

more attention, the effects of optimal aqueous ethanol extraction will be discussed in 

Chapter 5. Chapters 6 and 7 will focus on the valorization of PC, more specifically a 

sinapic acid-derived phenolic acids as a novel biobased monomer; and development of 

GSL detoxification methodology employing enzymes, respectively. Chapter 8 

summarizes the information described throughout this document and discusses 

potential future work in this area.  
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Figure 1-1. Distribution of U.S. domestic consumption of renewable energy in 2019. Btu 
= British thermal units. 

 

 
 
Figure 1-2. Distribution of worldwide production of vegetable oil reported by USDA in 

December 2019. 
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Figure 1-3. Structures of common secondary metabolites presented in B. carinata meal. 
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CHAPTER 2 
PROTEINS IN Brassica 

Introduction 

The B. carinata meal residue from oil extraction contains a number of valuable 

co-products including proteins, phytic acid, PCs, and GSLs. Among these co-products, 

proteins make up over 40% of the biomassa.7,12 The functional properties of these plant 

based proteins are of interest to the food industry thanks to their excellent emulsifying, 

liquid retention, and foam stabilization abilities.18 

The defatted B. carinata meal also constitutes an important protein source, which 

is considered well-balanced for human nutrition.15,18,34 According to the study reported 

by Pedroche et al., proteins make up to 38.9% of B. carinata defatted meal derived from 

hexane extraction.16 The amino acid composition of B. carinata isolates was also 

determined by the authors. The sulfur-containing amino acid amount in the protein 

isolate is approximately 2.9 g / 100 g of protein, which exceeds the daily requirement for 

children and adults proposed by the FAO.35 Moreover, this sulfur content in B. carinata 

proteins is comparable to that of soybean proteins and casein.15 The content of other 

essential amino acid such as leucine, isoleucine, and valine in B. carinata meal also 

exceeds the recommendation of the FAO. Although the lysine content was reduced 

during alkaline extraction, protein isolates generated under these conditions contained 

of up to 4.5 g of Lysine / 100 g protein, which approaches the required value of 5.8 g / 

100 g protein recommended by the FAO.34 Taken together, it is reasonable to suggest 

that Brassica proteins are potential protein supplements for human nutrition. 

 
a The protein content was calculated based on nitrogen content determined by Kjeldahl method and 
multiplied by a predefined factor (×6.25) 
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The nutritional value of B. carinata proteins is clearly comparable to that of 

casein, and even better than other plant proteins such as soy, sunflower, pea and wheat 

proteins, as stated Pedroche et al.16 B. carinata proteins and Brassica proteins are, 

therefore, potential plant based proteins to replace animal proteins in daily diets.18,34 

This chapter presents an overview of these valuable seed storage proteins with 

regard to their structures, current isolation and purification strategies, and biological 

activities. Other minor proteins found in the meal are also of interest. Oleosins, lipid 

body associated proteins, exhibit excellent emulsifying and micellar stabilization 

properties.36 Peptides belonging to the napin (NAP) family in defatted canola meal act 

as potential inhibitors against angiotensin I-converting enzymes, one of the major 

causative factors of cardiovascular disease.37 For this reason, minor seed proteins in 

Brassica will also be discussed in this chapter. 

Major Seed Proteins in Brassica 

Seed storage proteins in B. carinata are mainly composed of cruciferin (CRU) 

and napin (NAP). Both of these proteins are biosynthesized during the expansion phase 

of embryo development of the plant and are stockpiled within the mature seed.38 These 

major seed proteins are used for long-term storage of amino acids and are mobilized as 

carbon and nitrogen sources during seed growth. The amino acid composition of mature 

CRU and NAP dictates their potential end uses.39 For instance, meal with low content of 

Lys, Thr, and Trp would not be suitable as feed for monogastric animals. It is therefore 

important to understand the structural information, the composition and the maturation 

of CRU and NAP to achieve a better understanding of these proteins in seeds, which is 

critical for their downstream applications. 
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Structural Information, Composition and Maturation 

Cruciferin 

Cruciferin makes up approximately 60% of total protein in mature seed.18 Based 

on the overall structure of proCRU from B. napus, the native structure of 12S seed 

protein CRU exhibits the most structural similarity to 11S soy glycinin.40 ProCRU is a 

hexamer, which is formed from two non-covalently linked trimer units. Each trimer is 

composed of three protomers linked by disulfide bridges. The primary structure of these 

protomers ranges between 465 to 509 amino acid residues depending on the gene 

involved in expression.40 Each protomer unit is constituted of a heavy α- (approximate 

molecular weight (MW) = 32 kDa) and a light β- (approximate MW = 22 kDa) 

polypeptide chain linked by disulfide bonds.41 Although a structure for mature CRU has 

been proposed and the protein profile of CRU can be easily visualized by gel 

electrophoretic analysis, the actual, detailed three-dimensional structure of mature CRU 

remains unknown because of the molecular heterogeneity of this protein. The structure 

of proCRU (Figure 2-1) is the only available structure that provides guidance as to the 

structure of mature CRU.40 

The behavior of pure CRU obtained via chromatography was investigated at 

different pH values by Perera et al.42 An unfolded structure of CRU was observed at pH 

3, while minimal or no-structural change was observed at pH 7 and 10. These results 

confirmed that acid-induced unfolding leads to aggregation of CRU at low pH values. 

When aggregation occurs, the native hexameric CRU dissociated into two trimeric CRU 

units. Further dissociation of trimeric CRU eventually occurs, resulting in six unfolded 

protomers. These dissociations were reported to be reversible.43 In weakly alkaline 

water, the native hexameric structure of CRU could be reconstituted either from trimers 
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or from protomers. The structural change of CRU with increasing temperature, however, 

was determined to be irreversible.42 

The polypeptide profiles of B. napus proteins under reducing and non-reducing 

conditions are shown in Figure 2-2. Under reducing conditions, CRU exhibited a 

polypeptide profile ranging from ca. 18 to 60 kDa on a typical 1D SDS-PAGE analysis 

(Lane-R, Figure 2-2). The polypeptide band appearing around 67 kDa was attributed to 

the protomer of CRU. Perera et al. have suggested that a complex mixture of 

heterogeneous protomer units of CRU exists within the mature seed, which explained 

the multiple bands around 60 kDa.42 The dissociated polypeptides of CRU that were not 

covalently linked were also visible under non reducing conditions (lane NR, Figure 2-2). 

Under reducing conditions, the protomer band representing the protomer of CRU 

around 60 kDa disappeared, which was an evidence of the protomer dissociation upon 

the reduction of disulfide bridges. The reduced CRU protomer dissociated to shorter α- 

and β- polypeptide chains, which corresponded to polypeptides ranging from 22 to 32 

kDa (Lane R, Figure 2-2). 

The amino acid composition of Brassica is balanced in essential amino acids. 

Brassica’s CRU isolate is mainly composed of Asx , Glx, Leu and Arg, and the sum of 

these amino acids is 46.2-48.6 % of protein weight.16,44 It is noteworthy that the content 

of Leu in Brassica’s isolates exceeded the daily intake for adults recommended by 

FAO/WHO/ONU.35 Sulfur-containing amino acids in Brassica isolates (2.8-3.9 %) also 

exceed the recommended daily intake for adults.16,45 In addition, the Lys content in CRU 

isolates (ca. 4.5%) is comparable to animal proteins.46 Taken together, Brassica 
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proteins can be considered well balanced as a protein supplement for animal and 

human nutrition. 

The general CRU biosynthetic pathway was described by Shewry et al. in their 

review.39 CRU is originally synthesized as a secretory protein. Once the required 

structure is assembled, the protein is cleaved and translocated into the lumen of the 

endoplasmic reticulum (ER), where maturation of CRU and other seed storage proteins 

occurs. It has been mentioned that three types of ER lumenal proteins likely assist in 

this maturation process.39 These proteins include molecular chaperones of the 

HSP70/BiP family, the peptidyl-prolyl cis-trans isomerases and N-linked glycosylases. 

Molecular chaperones located in the ER aid folding of CRU and prevent the formation of 

incorrect inter- or intramolecular interactions. The function of lumenal isomerases is to 

assist folding by accelerating the isomerization of Xaa-Prob peptide bonds. The post-

translational modification of CRU is then carried out by N-glycosylases. Ultimately, 

mature storage proteins are transported to the vacuole by the Golgi apparatus and 

stored there until required during germination. 

Napin 

The small albumin NAP was observed and isolated for the first time from mature 

rapeseed seed by Bhatty et al.47 NAP constitutes approximately of 20% of total storage 

proteins in mature seeds and plays an important role in the nitrogen and sulfur supply of 

the seed during germination.18,42 

The 2S albumin NAP is described as a small, compact protein composed of two 

polypeptide-chains: a large (ca 9 kDa) and a small chain (ca 7 kDa), linked by disulfide 

 
b Xaa-Pro is peptide bond between any amino acid with Pro 
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bridges.48,49 The overall structure is a combination of five right-handed helices (Figure 2-

2). 42,50 The small polypeptide forms two short helices (Helix Ia and Ib), and the large 

polypeptide forms 3 helices (Helix II, III and IV). The polypeptide profile of NAP under 

non-reducing and reducing conditions is also depicted in Figure 2-1. Under non-

reducing conditions, NAP appears as a single band around 16 kDa. This dissociates 

into two polypeptide bands of ca 9 and ca 7 kDa, which correspond to the long and 

short polypeptide chains of reduced NAP, respectively (R, Figure 2-3). 

Slight acid-induced structural changes of NAP were observed by Perera and co-

authors.42 These structural changes, however, were not as extensive as was observed 

in CRU. No significant structural changes were observed at neutral and alkaline pH for 

NAP. The pH stability of NAP can also explain the high extractability of NAP at different 

pH values. The presence of NAP in B. napus extracts performed at different pH values 

(reported by Fetzer et al.) has confirmed the previous conclusions.45  

The denaturation temperature of NAP remains to be elucidated. In their study, 

Perera and co-workers reported that the degradation signal was only observed when 

the temperature reached over 100 °C, while other evidence has shown that heat 

denaturation of NAP occurs at lower temperatures.51,52 Although the thermal 

denaturation requires further study, it is clear that NAP possesses a thermostable 

structure that is less affected by medium pH as compared to CRU.42 

The amino acid composition of NAP isolated from B. napus revealed that Asx, 

Glx, Leu, and Arg make up 5.1, 30.4, 8.5 and 8.6% of the total amino acid composition, 

respectively.44 This pattern is quite similar to that of the CRU isolate, where these amino 

acids make up to over 45% of the total amino acid composition. The level of sulfur-



 

35 

containing amino acids in NAP (ca 0.6%), was reported to be lower than in the CRU 

isolate,44 although it should be noted that the CRU isolate in this study had lower sulfur 

content compared to other studies.16 This dissimilarity can be explained by differences 

in the source materials including the origin, growth environment, and processing 

methodology. 

The biosynthesis and maturation of NAP has been documented by Byczynska 

and Barciszewski in their review.53 Originally synthesized as a preproprotein on 

membrane-bound ribosomes, the precursor of NAP is translocated into the lumen of the 

ER where the maturation of NAP occurs upon formation of inter- and intramolecular 

disulfide chain bonds. Subsequently, mature NAP is transported from the ER to the 

vacuole where post-translation modifications of NAP occur. Fully developed NAP is then 

stored together with CRU and other minor seed proteins within the vacuole until seed 

germination. 

Isolation and Purification 

Isolation 

Seed storage proteins can be easily extracted based on their solubilities: CRUs 

are globulins—proteins soluble in salt solutions—and NAPs are albumins—proteins 

soluble in water. A simple maceration of the raw materials with aqueous solution 

provides an efficient recovery of these major seed proteins.16,42,45,54 

Akbari and Wu have reported that the protein contents of extracts made from 

hexane-defatted B. napus meal increased at increasing pH from 8 to 12.5.54 Several 

parameters including salt concentration, detergent concentration, meal/solvent ratio, 

extraction duration, and various pH values from 8 to 12.5 were studied by the authors. 

The alkaline extraction at pH 12.5 yielded the most protein. It was also reported that the 
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extraction yield was reduced with increasing concentrations of salt, which is due to the 

salting-out effect on the extracted proteins prompted by adding salt under alkaline 

conditions. On the other hand, adding detergents such as sodium dodecyl sulphate 

(SDS), increased the extraction yield, but led to lower protein content in the extract due 

to the binding of SDS to non-protein compounds. Based on the results, optimal 

extraction conditions were determined to involve pH 12.5 in the absence of additional 

salt and detergent. These optimized conditions were consistent with the results reported 

by Pedroche et al., where the defatted B. carinata meal was also extracted most 

efficiently at pH 12.16 

The recovery of seed proteins from Brassica defatted meal mainly relies on 

alkaline extraction. The recovery yield can vary depending on the extraction conditions 

of the meal. A strong negative impact on protein solubility by high temperatures during 

conventional processing, which is directly related to the recovery yield of desired 

proteins, was observed by Fetzer et al.45 The processing of the biomass prior to alkaline 

extraction often impacts the solubility of Brassica proteins, which is directly related to 

the functional properties of isolated proteins. The solubility of B. carinata protein isolate 

is also altered during meal processing. The nitrogen solubility of protein isolate extracted 

at acidic pH was indeed reported to be lower than in that of the meal.16 

Enzymatic assistance has proven useful in enhancing protein recovery from 

rapeseed raw materials and several successful extraction strategies have been devised 

and documented.45,55,56 In general, the enzyme-mediated extraction is designed to 

liberate proteins from the meal matrix by degrading the cell wall, which facilitates the 

recovery of these proteins by the extraction solvent.45 Furthermore, it was proven that 
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the recovery yield was enhanced by ultrasound assistance.56 Unfortunately, this synergy 

also resulted in partial denaturation of the recovered proteins, which might alter their 

functional properties. 

Reversed micelles have been used for extracting proteins from B. carinata and B. 

juncea meals.57 This method takes advantage of spheroidal aggregates formed by an 

amphiphilic surfactant in organic solvent. The micelles facilitate the simultaneous 

recovery of oil, proteins, and GSLs from raw materials. The recovery yield was 

proportional to the molar ratio between water and surfactant which is expressed in Wo. 

Based on the value of Wo, seed proteins can be selectively recovered. For instance, 

low Wo levels selectively isolated hydrophobic proteins, while higher Wo levels enabled 

isolation of all seed proteins. In addition to yielding the main seed storage proteins such 

as CRU and NAP, the reverse micelle method also allows the recovery of Myrosinase 

(MYR), a thioglycosidase which plays an important role in the defense system of 

Brassica plants. 

Purification 

To meet the requirements for nutritional uses, Brassica proteins must be 

separated from non-protein components and chromatography is often employed for this 

purpose.42,58 Both size exclusion and ion exchange chromatographies have been used. 

Firstly, a protein extract obtained under slightly alkaline conditions is desalted by gel 

filtration. Different protein fractions can be identified by gel electrophoresis. CRU-rich 

fractions are next separated from NAP by employing cation exchange. The separated 

CRU and NAP fractions can be further purified by size exclusion and hydrophobic 

interaction chromatography, respectively. This method was used to isolate pure CRU 

and NAP from B. napus defatted meal on a gram scale. 58 By employing this strategy, 
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200 g of pure CRU and 42 g of pure NAP were obtained from 3.5 kg of defatted B. 

napus meal. Additionally, 5 g of pure lipid transfer protein—oleosin—was also isolated. 

However, this method exhibits low time- and cost efficiency, which discourages scale-

up. 

Compared to the previous method based on chromatography, a precipitation 

strategy employed by Akbari and Wu appears to be more advantageous.54 This method 

was successfully removed the undesirable antinutrient phytic acid while yielding protein 

concentrates of NAP and CRU. This method involved an acidic wash of the defatted 

meal prior to alkaline extraction. The alkaline extract was then adjusted to pH 4 to 

precipitate CRU. The crude CRU fraction was then washed with acid and freeze-dried to 

afford the protein isolate. The acidic extracts from the previous steps were then 

combined, ultra-filtered, and dia-filtered to afford a NAP protein concentrate (82% 

protein content). Although the functional properties of CRU and NAP were conserved 

throughout the purification process, the protein precipitation method did not yield 

proteins with comparable purity to that obtained via the chromatographic method.  

We suggest that, in order to establish an efficient production of protein isolates 

from Brassica biomass, the purity of protein isolates should be carefully studied with 

regard to the downstream purposes. Additionally, a combination of acid-precipitation 

and one-step chromatography should be a solution to yield higher purity of protein 

isolate to while reducing the extensive effort and time of multistep chromatography 

approach. 

Functional Properties 

Wu and Muir reported that emulsions prepared with CRU showed the highest 

specific surface and the lowest mean particle size in oil, which results in excellent 
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emulsifying stability.59 According to the authors, NAP possesses a lower emulsifying 

ability due to an abundance of basic amino acids, which are not favorable for 

hydrophobic groups of oil phase. The presence of NAP, therefore, diminishes the 

emulsifying properties of CRU.54 In contrast, the foaming capacity and foaming stability 

of NAP were higher than that of CRU.44,54 The excellent functional properties of NAP 

isolate are related to the high surface activity in stabilizing oil-water interfaces by these 

albumins.18 

Taking advantage of the excellent emulsifying and foaming properties of CRU, a 

number of different types of CRU nanoparticles were synthesized for encapsulating 

bioactive compounds.60,61 In general, CRU nano particles were synthesized from protein 

isolates of CRU complexed with either chitosan60,61 or calcium62. In their study, Akbari et 

al. showed that both CRU/Ca and CRU/Chitosan nanoparticles exhibited potential 

mucus-penetrating property in non-digestion, while mucoadhesive property after 

digestion in the gastrointestinal tract of CRU/Chitosan particles was demonstrated.60 

Basing on these results, the potential use of edible CRU-based particles as oral drug or 

vaccine delivery systems was confirmed. 

Gelling capacity is a significant factor in judging the quality of protein isolates, 

and this is related to the protein structure.18 Plant-based protein products possess 

excellent gelation properties and are often used for improving product quality and 

reducing production costs in the food industry.63 Heat-induced gelation of both CRU and 

NAP proteins isolated from B. napus were investigated by Schwenke et al.64 Their 

results showed that the gelation temperature of CRU is lower than that of NAP. 

Interestingly, the gelation temperature of NAP drastically decreased with increasing pH 



 

40 

while that of CRU was insensitive to pH. These observations indicated that the gelation 

temperature and gel strength of B. napus protein isolates are essentially determined by 

CRU, whereas NAP causes poor gelling properties.64 

The incorporation of Brassica proteins in our diet to replace meat proteins and 

lipids has been demonstrated. Besides been used as food additives, combining these 

plant-based proteins with other biopolymer matrices such as chitosan might allow 

applications in drug delivery and other areas. 

Biological Activities 

Although biological activities of CRU have not been widely reported, peptides 

bearing the primary CRU sequences may show interesting activities such as 

antihypertensive, antioxidative, and others according to an in silico study.18 By 

employing immunoblotting and enzyme-linked immunosorbent assays, Palomares et al. 

have identified a major allergen related to CRU.65 This finding might lead to further 

allergenicity evaluation related to CRUs of the Brassica family. 

NAP has been classified as one of three major groups of allergenic proteins of 

the prolamine superfamily found in Brassicaceae seeds.18 A number of clinical studies 

have confirmed allergenicity related to mustard NAP.66 NAP also exhibits significant 

antifungal properties.67,68 The synergy between NAP and thionins—abundant 

endosperm proteins which possess antifungal and antibacterial activities—tremendously 

affects the permeability of fungal membranes.67 More specifically, NAP and thionins 

enhance antagonist activity against fungal calmodulin, which inhibits fungal growth.67 It 

is noteworthy that these calmodulin antagonist activities disappear during seed 

germination in order to avoid interference.69 
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The biological activities of Brassica seed proteins have been well studied. 

Besides routine amino acid storage functions, they also enhance the environmental 

adaptation of the plant by enhancing antagonist activity against environmental insults, 

such as specialist insects, bacteria or fungi. 

Other Minor Brassica Proteins 

Other minor proteins present in Brassica mature seeds include oleosins and 

trypsin inhibitors.18 Oleosins reside in the phospholipid membrane, and act as oil body 

stabilizers.70 The expression level of oleosins directly impact the oil composition of the 

seed.71 Serine protease inhibitors ubiquitous in the plant kingdom as they are part of 

their defense mechanism.72 These peptides bind specifically to the protein binding sites 

of predator proteinases, which reduces plant digestibility. The regulation of this protein 

class in Brassica is often understudied, because of the emphasis on GSLs.73 

Structural Information and Origins 

Oleosin 

The accumulation of neutral lipids within the seed is required for seedling 

development.70 These lipids are stored in spherical compartments (referred to as lipid 

droplets), whose diameters range between 0.2-2.5 µm.74 During the final stage of 

germination, the cytoplasm compresses and the lipid droplets are forced into contact 

with one another. By covering their surfaces with lipid transfer proteins (LTPs, oleosins), 

these organelles resist coalescence and remain as small individual units.75 

Oleosins are ubiquitously present in oilseed crops. These proteins are of low 

molecular mass (15-26 kDa) and are often associated with lipid droplets, making up 1-

4% of the lipid droplet body.76  These LTPs possess short amphipathic N- and C- 

terminal peptides oriented horizontally on or extending from the lipid droplet surface.74 A 
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hairpin constituted mostly nonpolar amino acid residues enables oleosins to be 

anchored on the surface of lipid droplets. A loop of twelve conserved residues 

constitutes the head of the anchor. The four most conserved residues are located in the 

middle of the central hydrophobic domain of oleosin and this is indicated in red in Figure 

2-4.77 

Oleosins are involved in the ontogeny of lipid droplets during seed development, 

the stabilization of lipid droplets during seed desiccation, and the mobilization of lipid 

droplets after seed germination.77 The mechanism of stabilization of lipid droplets by 

oleosins was described by Huang.76 The hairpin, which is 5 to 6 nm long, penetrates the 

triacylglycerol core of the lipid droplet and stabilizes the whole compartment. In addition, 

Murphy has suggested that accumulation of seed oleosin occurred during the later 

phase of embryo development, regulating storage lipid biogenesis.77 Taken together, it 

is suggested that lipid bodies are initially formed on the endoplasmic reticulum followed 

by the accumulation of mature seed oleosins for later seed growth processes. 

Serine protease inhibitors 

In Brassica, serine protease inhibitors are a defense against natural enemies.72 

The production of these inhibitors is often associated with other classes of defense 

proteins and induced upon tissue damage. Environmental, developmental, and 

genotypic factors can affect the expression of protease inhibitors.73 

Serine protease inhibitors belong to the low molecular mass trypsin inhibitor 

class.18 Three distinct classes of inhibitors have been identified in B. napus: two 

thermolabile proteins, whose molecular masses are approximately 19 kDa and one 

thermostable, with an approximate molecular mass of 6.5 kDa. These peptides consist 

of a single polypetide chain with four intra-chain disulfilde bonds.68 The structures of B. 
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napus serine protease inhibitors are highly similar to NAP,18 although evidence reported 

by Svendsen et al. has demonstrated the difference between NAP and these minor 

peptides.78 Whereas crude seed storage protein extracts showed no inhibitory activities, 

isolated peptides with molecular weights within the NAP range exhibited reversible, 

competitive inhibition with trypsin using Nα-benzoyl-L-arginine 4-nitroanilide as 

substrate. A comparison of the amino acid sequence conducted by the authors clearly 

indicated that the isolated peptides belong to the NAP family. The biological function of 

these proteins, however, differs from that of NAP. 

Isolation and Purification 

Bérot et al. have devised an isolation strategy for oleosins and other seed 

proteins from rapeseed meal by employing a chromatographic method.58 The authors 

successfully isolated 5 g of LTP from 3.5 kg of rapeseed meal. Rapeseed defatted meal 

was extracted with Tris-HCl buffer pH 8.5 to recover LTP along with other seed storage 

proteins like CRU and NAP. The extract was next purified by cation exchange 

chromatography pH 8.5. The eluate was recovered, desalted by gel filtration and then 

separated a second time by cation exchange chromatography at pH 5.3. The effluent 

was recovered and dialyzed. Pure LTP was obtained after a final polishing step using 

reversed phase chromatography. The molecular weight of the isolated protein was 

found to be 9423.7 ± 1.6 Da, which corresponded to the expected value for oleosins. To 

the best of our knowledge, this is the first process that successfully isolated oleosin from 

B. napus on a gram scale. Unfortunately, the extensive use of chromatography makes 

the method labor- and time-intensive and as well as costly. 

D'Andrea et al. reported a one-step extraction of oleosins from seeds of 

recombinant Arabidopsis thaliana oleosins using organic solvents.79 In their method, A. 
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thaliana seeds were first pulverized in 50 mM sodium carbonate buffer at pH 11. 

Oleosins were then recovered from the aqueous phase by extracting with 9 volumes of 

a 5/4 chloroform/methanol mixture. They also found that chloroform/methanol ratios 

higher than 5/4 yielded biphasic mixtures in which the oleosins were mainly found at the 

interface. The authors did not purify the olesins further after the extraction step and the 

proteins were quantified by dot-blot or immunoblot. Although it was not rigorously 

determined, the recovery efficiency of this method was estimated to be >60%, with over 

91% of other seed proteins also extracted. This method was therefore judged to be 

faster, simpler and cheaper than the previous chromatographic approach.  

Proteinase inhibitors have been isolated from B. napus using conventional 

solvent extraction followed by an additional purification step.78,80 In general, the peptides 

are recovered from the biomass by extracting with an appropriate buffer, then inhibitory 

proteins are obtained either by chromatography78 or ammonium sulfate fractionation.80 

Both methods were reported to yield inhibitors with satisfactory activities against 

selected proteolytic enzymes. Fractionation with ammonium sulfate appeared to be 

advantageous over chromatography with regard to time- and cost- efficiencies. 

Nevertheless, chromatography is often required in order to obtain proteins with higher 

purities.81 Taken together, an efficient and straightforward isolation remains to be 

devised. 

Applications of Minor Seed Proteins 

The main industrial applications of oleosin were reviewed by Huang.74 It is 

considered to be a natural and safe emulsifying agent that possesses unique functional 

properties and oleosin-lipid droplets have been used as to prepare micelles for drug 
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delivery.36 Adding oleosin can also enhance food stability, textures, and preserve 

nutrients in different soybean extracts.74  

Recombinant oleosins expressed in bacteria have been used as a production 

platform for protein surfactants with regards to their biological activity.82 Introducing 

oleosin/lipid droplets as protectants or metabolic sinks could result in higher oil contents 

and new lipid droplets in seed and yeast cells.74 Nevertheless, Huang suggested that 

the plant growth rate penalty caused by oleosins must be evaluated, since oil 

overproduction by the plant will divert more energy that could have otherwise been 

devoted to plant to growth. 74 

Protease inhibitors are useful in biofumigation. A study showed that protease 

inhibitors co-induced with GSL in B. napus treated with jasmonic acid inhibited the 

growth of P. xylostella larvae fed on these plants.83 The expression of protease 

inhibitors in B. napus leaves was induced along with GSL by foliar application with 

jasmonic acid. Another study conducted by Dastranj et al. involved feeding P. xyllostella 

and Pieris rapae with B. rapa subsp. pekinensis leaves dipped in extracts containing 

protease inhibitors. This inhibited the growth of both specialists and decreased the 

weights at both the fourth larval instar and pupa stages.80 In addition, the survival rates 

of P. xylostella also declined when fed treated leaves compared to untreated ones. 

Taken together, there is good potential to use protease inhibitors from Brassica as pest 

control methods that would replace organic pesticides with high environmental impacts. 

Conclusion and Future Work 

Seed proteins are still hiding within the hulls, thus masking their tremendous 

potentials. Major seed proteins NAP and CRU are potential plant-based proteins that 

could be potential alternatives to animal proteins for animal and human consumption 
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thanks to their favorable amino acid compositions. Additionally, these proteins might 

also find applications in the pharmaceutical and material industries because of their 

interesting functional properties that include foaming, emulsification, and gel formation. 

Minor proteins like oleosins and serine protease inhibitors could also become more 

attractive thanks to their physical and biological functions. 

On the other hand, there are several drawbacks that must be circumvented 

before that these seed proteins can be employed routinely. Although extracting seed 

proteins is straightforward, purification of the individual proteins remains challenging 

due to reliance on chromatography. Solving this problem requires that the targeted 

proteins and their end uses must be determined prior to developing extraction methods 

in order to successfully establish an isolation process that meets the targets for time 

and cost efficiency. It must always be borne in mind that the functional and biological 

properties of the isolated proteins can be altered by the processing methods employed 

and this can create another challenge for protein isolation. Hence, establishment of an 

efficient extraction process requires careful consideration regarding the processing 

method applied to the feedstock. 
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Figure 2-1. Overall structure of proCRU (PDB accession number: 3KLG) (A) The overall 

structure of hexameric proCRU in facial and side view. (B): the overall 
structure of trimeric proCRU in facial and side view. The structures were 
generated using PyMol. 

 

 
 
Figure 2-2. Polypeptide profiles of B. carinata extract under reducing (R) and non-

reducing (NR) conditions 

A 

B 
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Figure 2-3. Crystallographic structure of NAP. The structure was generated using 
PyMol. (PDB Accession number 1SM7). 

 

 
 
Figure 2-4. Illustration of oleosins anchored on the surface of lipid droplet. Red box 

indicates the hydrophobic anchor of oleosins. Blue dashed lines indicate the 
separation between cytosol, phospholipid monolayer, and lipid droplet core. 
(Reprinted from Huang, 2018) 
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CHAPTER 3 
SINAPIC ACID AND DERIVATIVES IN Brassica: INNATE ACCUMULATION, 

BIOSYNTHESIS, ACCESSIBILITY, AND BIOLOGICAL ACTIVITIESa 

Introduction 

p-Hydroxycinnamic acids represent one of the most widely distributed chemicals 

in the plant kingdom, along with other phenylpropanoids such as flavonoids, stilbenes, 

and lignans. p-Hydroxycinnamic acids occur in fruits, vegetables, cereals, and 

beverages and are involved in plant tissue development and response to external 

stress.84,85 

Primary roles of p-hydroxycinnamic acids in different parts of plants include 

coloration of flowers that attract pollinating animals, protection from injurious UV 

radiation, natural aromas and tastes that defend against predators, resistances to 

pathogens, and enhancing the host plants by affecting the growth of other, neighboring 

plants.85  

Sinapoyl esters (SinEs) are the most important p-hydroxycinnamoyl esters 

present in plants of the Brassicaceae species.29  SinEs possess an aromatic phenyl 

moiety with two methoxy substituents. Many SinEs have been found in plants, such as 

sinapoyl choline, also known as sinapine (SinP), sinapoyl glucose (SinG), and sinapoyl 

malate (SinM). The structure of SinA and its major corresponding esters are illustrated 

in Figure 3-1. 

 
a This chapter has been reproduced with permission from V. P. Thinh NGUYEN, Jon STEWART, Irina 
IOANNOU and Florent ALLAIS; Sinapic Acid and Sinapate Esters in Brassica: Innate Accumulation, 
Biosynthesis, Accessibility via Chemical Synthesis or Recovery from Biomass, and Biological Activities. 
Frontiers in Chemistry 9, 664602. (2021) (DOI: 10.3389/fchem.2021.664602)386 
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SinEs have various biological properties such as antimicrobial86,87, anti-

inflammatory88,89, anticancer89–91, and anti-anxiety activities.92 Moreover, it is suggested 

that SinEs could be used as food and cosmetic additives, as well as bioactive 

compounds in the pharmaceutical industry.29 Sinapic acid (SinA), the carboxylic acid 

form of SinE, could be employed as a building block for the design of renewable 

monomers and polymers.93–95 

Here, we review the innate accumulation of p-hydroxycinnamic acid and its 

derivatives in Brassica plants, mainly focused on SinA and SinEs. As well, this chapter 

discusses biosynthesis, accessibility via chemical synthesis or direct extraction and 

biological activities. 

Innate Accumulation of Sinapic Acid and Derivatives in Brassica 

Phenylpropanoids are omnipresent in the plant kingdom and have been identified 

in a multitude of edible plants including fruits, vegetables, cereals, and spices. The 

concentrations of SinA and its derivatives varies from one species to another. For 

instance, strawberries, Fragaria ananassa L. was reported to possess the highest 

concentration of SinEs (up to 450.30 µg per gram of biomass), while the lowest 

concentration was determined in rye Secale cereale L. (a few µg per gram of 

biomass).29 The review by Niciforovic and Abramovic provides a detailed report on the 

natural occurrence of these PCs.29 

Within the Brassicaceae vegetables, SinA and its derivatives are ubiquitously 

present in both free and esterified forms. Many SinEs have been identified in different 

species from Brassica family.96,97 Generally, the concentration of natural-occurring SinA 

appears to be lower than its choline ester, SinP. The concentrations of SinEs, mainly 
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SinP, range from 8 to 10.4 mg/g of biomass, whereas SinA ranges from 0.49 to 2.49 

mg/g of biomass.98–100  

The accumulation of phenolic compounds has been probed within different parts 

of Brassica plants. Many SinEs have been identified in edible parts such as leaves, 

stems, flower buds, and roots.101 Malate derivatives were determined to be the main p-

hydroxycinnamic esters presented in the leaves of pak choi Brassica campestris L 

subsp. chinensis and Chinese mustard Brassica juncea Coss.102 SinA and its derivative 

esters have also been found in large amounts within rapeseed seeds and in their 

defatted residues. In their study of rapeseed meal, Laguna et al. reported that the SinA 

concentration in non-industrial and industrial meals, after alkaline hydrolysis, was up to 

14.0 and 10.5 mg per gram of dry matter, respectively.103 Another study on sinapine 

(SinE) concentration in aqueous ethanol extracts from mustard bran (B. juncea) was up 

to 8.7 mg per gram of dry matter.100 

The accumulation of SinA and its derivatives, along with other phenylpropanoids, 

is believed to favor the adaptation process in plants under environmental stresses. By 

soaking B. juncea seeds prior to germination in 24-epibrassinolide, Sharma et al. 

observed enhanced accumulation of phenolic compounds in soaked seedling grown in 

the presence of imidacloprid.104 The levels of SinA and its derivatives in seedlings that 

grew from soaked seeds were increased by over 100% compared to seedlings derived 

from untreated seeds. The accumulation of SinA and its derivatives also occurred under 

biotic stress including insect attack and pathogen infection. Gunnaiah et al. observed 

that the up-regulation of phenylpropanoid biosynthesis occurred in wheat infested with 

Fusarium graminearum, a fungal plant pathogen.105 An increased cell wall thickness 
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prompted an excessive accumulation of SinA and its derivatives in infested plants, 

which is thought to be a physiological response to biotic stress. It was furthermore 

suggested that Brassica plants accumulate phenolics and other metabolites to enhance 

survival rates against environmental stresses, which is in agreement with the 

suggestion of Beckman et al. 85 

The involvement of these secondary metabolites in response to environmental 

stresses, however, exacts a cost to the plants with regard to the energy devoted to 

accumulating phenolic compounds, which leads to lower growth rates. In the study 

conducted by Moreno et al., chinese cabbage (Brassica rapa L. subsp. Pekinenesis) 

grown under sub-optimal conditions accumulated higher phenolic concentrations than 

those grown under optimal conditions.106 The weights of plants grown under sub-optimal 

conditions were, as a result, lower than those grown under optimal conditions. 

The accumulation of SinA and its derivatives varies with the growth environment 

since these modulate the physiological state of the plants. We therefore suggest that 

adverse environmental factors should be included in future studies in order to anticipate 

potential over-accumulation of these secondary metabolites. The concentration of SinA 

and its derivatives in plant can also be used as an indicator to monitor plant growth and 

the effects of growth conditions on plant development. 

Biosynthesis of Sinapic Acid and Derivatives 

Plant growth depends on environmental conditions and accumulating phenolics 

enables plants to survive under sub-optimal growth conditions.107,108 SinA and its 

derivatives, along with other secondary metabolites, are biosynthesized by plants via a 

set of chemical reactions.109 Studying these pathways within plants will therefore allow 

us to understand how environmental stresses affect phenolic accumulation generally, 
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and more specifically, SinA and SinEs in Brassica plants. In recent years, the 

biosynthesis of these secondary metabolites has been extensively studied thanks to the 

advanced development of model plants including Arabidopsis thaliana, a member of the 

Brassica family.109,110 

The biosynthesis of SinA derivatives involves the phenylpropanoid pathway, 

which is composed of three sequential stages: (1) Formation of Phe via the shikimate 

pathway; (2) Non-oxidative deamination of Phenylalanine (Phe) followed by oxygenation 

to yield activated p-coumaroyl CoA; (3) further reactions of p-coumaroyl CoA to afford a 

broad range of SinEs.109 As an example, the biosynthesis of SinE from erythrose 4-

phosphate and phosphoenolpyruvate (PEP) is shown in Figure 3-2. 

Formation of Phenylalanine Following Shikimate Pathway (1) 

As depicted in Figure 3-3, the formation of Phe starts with the 3-deoxy-D-

heptulosonate 7-phosphate (DAHP) synthase-catalyzed condensation of PEP and 

erythrose 4-phosphate to afford DAHP.111 This latter is then transformed by 3-

dehydroquinate synthase into 3-dehydroquinate (DHQ) that is subsequently 

dehydrogenated and reduced by 3-dehydroquinate dehydratase and the 

shikimate:nicotinamide adenine dinucleotide phosphate (NADP) oxidoreductase, 

respectively, to afford shikimate. 

The multi-step conversion of shikimate to Phe occurs requires its transformation 

into chorismate. Shikimate is phosphorylated by shikimate kinase to yield shikimate 3-

phosphate. 5-Enolpyruvylshikimate 3-phosphate (EPSP) synthase then installs a 

phosphoenolpyruvate group at the 5-position. Chorismate synthase eliminates the 

phosphate group to afford chorismate. 
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Chorismate is converted to prephenate via a chorismate mutase-catalyzed 

Claisen rearrangement of the enolpyruvyl side chain. Prephenate aminotransferase 

installs the amino group to yield arogenate, then this is simultaneously decarboxylated 

and dehydrated by arogenate dehydratase to yield Phe. 

The formation of aromatic amino acids from PEP and erythrose 4-phosphate has 

been well studied and many of these enzymes have been isolated and 

characterized.112,113 Detailed discussions of regulation and mechanisms for each of the 

enzymes involved in the shikimate pathway can be found in a number of previously-

published reviews.111–113  

Formation of 4-Coumaroyl CoA (2) 

The conversion of Phe to 4-coumaroyl CoA requires consecutive modifications 

by phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-

coumaroyl CoA-Ligase (4CL).109 The conversion of 4-coumaroyl CoA to its CoA-linked 

ester is illustrated in Figure 3-4. 

The first step of this pathway involves the non-oxidative deamination of Phe 

catalyzed by PAL.114 The proposed mechanism of PAL is similar to that of histidine 

ammonia lyase.115 Although no exogenous cofactor is required, an electrophile is still 

needed for the deamination; hence, the enzyme contains a 3,5-dihydro-5-methyldiene-

4H-imidazol-4-one (MIO) moiety, formed by the cyclization and elimination of water from 

the inner tripeptide Ala-Ser-Gly.116 The mechanism of this conversion is shown in Figure 

3-5. 

C4H belongs to the CYP73A family of P450 enzymes and catalyzes the 

hydroxylation of cinnamic acid at the 4-position, yielding p-coumaric acid. This 

transformation requires NADPH-cytochrome P450 reductase, which acts as an electron 
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donor.117 The crystal structure of C4H from Sorghum bicolor (PDB accession number 

6VBY) was recently solved and provides critical structural insights into the substrate 

specificity of this enzyme.118 The mechanism of the C4H-catalyzed transformation of 

cinnamic acid into p-coumaric acid is described in Figure 3-6. 

The final step of this biosynthetic pathway involves the 4CL-mediated conversion 

of p-coumaric acid into the corresponding Coenzyme-A thioester. A reaction mechanism 

has been proposed by Knobloch and Hahlbrock.119 As depicted in Figure 3-4, the 

activation of p-coumaric acid requires ATP and a CoA unit. The substrate specificity of 

4CL has been well studied by Lindermayr et al120 and these authors have reported that 

recombinant 4CL can utilize several different p-hydroxycinnamic acids besides p-

coumaric acid including caffeic acid, ferulic acid, and SinA to afford the corresponding 

CoA-linked thioesters. The recently published crystal structure of 4CL provided further 

insight into this enzyme with regard to its substrate specificity.121 It is noteworthy that 

4CL isoforms also contribute to the biosynthesis of lignin and other secondary 

metabolites in addition to its involvement in the biosynthesis of sinapoyl esters.122,123 

Formation of Sinapic Acids and Derivatives (3) 

Rational enzyme-catalyzed conversions of p-coumaroyl-CoA to other phenolic-

CoA esters following pathway of phenylpropanoid biosynthesis was suggested (Figure 

3-7).124 The first step of this biosynthetic pathway involves adding a hydroxyl group at 

the 3-position, which converts p-coumaroyl-CoA to caffeoyl-CoA (Figure 3-8). 

Interestingly, this modification is catalyzed by p-hydroxycinnamoyl-CoA: quinate 

shikimate p-hydrocinnamoyltransferase (HCT), which also catalyzes a condensation of 

p-coumaroyl-CoA with shikimate to form the corresponding p-coumaroyl-shikimate 

ester.125 A hydroxyl group is then added by CYP98A3 to afford the caffeoyl-shikimate 
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ester. The transformation of caffeoyl-shikimate ester to caffeoyl-CoA is also catalyzed 

by HCT. 

Caffeoyl CoA is next converted into feruloyl-CoA via methylation of the 3-

hydroxyl by caffeic acid O-methyltransferase (CMOT). It is noted that this enzyme also 

contributes to the defense systems in plants besides in addition to its involvement in 

phenylpropanoid biosynthesis.126 The resulting feruloyl-CoA is furthermore transformed 

by cinnamoyl-CoA reductase (CCR) to afford coniferaldehyde. Ferulate 5-hydroxylase 

(F5H) then adds a hydroxyl group onto the coniferaldehyde at the 5-position to provide 

5-hydroxyconiferaldehyde. The 5-hydroxyl is then methylated by CMOT to yield 

sinapaldehyde. Finally, sinapate is formed from sinapaldehyde in the presence of 

reduced epidermal fluorescence 1 aldehyde dehydrogenase (REF).127 

Further modifications of sinapate yield three main sinapoyl esters including 

sinapoyl glucose, sinapoyl malate, and SinP (Figure 3-9). It has been suggested that 

sinapoylglucose:malate sinapoyltransferase (SMT) is also responsible for the 

conversion of sinapate to sinapoyl glucose (SinG).128 1-O-Sinapoylglucose:choline 

sinapoyltransferase (also known as sinapine synthase) converts sinapoyl glucose 

(SinG) to sinapine.129 Sinapoycholine esterase can also convert SinP back to SinA in 

order to provide the required amount of choline during the seedling stage.130 On the 

other hand, replacing the glucose moiety of sinapoyl glucose by malate is catalyzed by 

sinapoylglucose:malate sinapoyltransferase (SMT), producing sinapoyl malate 

(SinM).128 By using these three sinapoyl esters as the main building blocks, plants 

produce a broad range of SinEs that are involved in many different biological 

processes.29 
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Chemical Synthetic Pathway of Sinapic Acids and Derivatives 

Sinapic Acid 

SinA can be readily synthesized chemically via a Knoevenagel-Doebner 

condensation of syringaldehyde and malonic acid in piperidine (Figure 3-10).131 Several 

improved approaches involving microwave activation132 or L-proline as a catalyst in 

ethanol133 have been developed in order to reduce the use of hazardous base and to 

enhance the overall yield and greenness of the synthetic process. Nevertheless, these 

improvements also have their own limitations. For example, substituting L-Pro for 

piperidine in ethanol requires an extra purification step by chromatography133 whereas 

using piperidine as the catalyst requires only a simple acidic washing to afford pure 

SinA.131 Taken together, the current protocols are straightforward and provide access to 

SinA; however further improvements should be made in order to enhance the 

greenness of the process. 

Sinapate Esters 

Sinapoyl choline or sinapine (SinP) 

SinP is omnipresent in Brassica plants. The first synthetic approach to SinP was 

reported by Clausen et al. (Figure 3-11).134,135 Using SinA isolated from Sinapis Alba L., 

and AgNO3, the corresponding SinA-Ag complex was reacted with bromocholine 

bromide to afford the pure product after chromatographic purification. Although pure 

SinP was obtained, there were several drawbacks to this approach including low overall 

yield, toxic reagents and waste-generating purification steps. 

Mouterde et al. have recently reported a more straightforward multigram-scale 

synthetic process for SinP.136 Their approach relies on the well-established 

Knoevenagel-Doebner condensation of syringaldehyde and choline malonate. This two-
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step strategy gives access to SinP in a decent overall yield, while avoiding the use of 

toxic reagents. This enhances both the cost-efficiency and the environmental 

friendliness of the process. Moreover, this method was reported to be applicable to 

other naturally occurring p-hydroxycinnamic acids such as p-coumaric, caffeic, and 

feruloyl acids. We believe that this approach is, to date, the most cost- and time-efficient 

protocol as well as the most attractive in the context of green chemistry. 

Sinapoyl glucose (SinG) 

SinG is the precursor of sinapoyl malate (SinM) in SinE biosynthesis (Figure 3-9). 

The enzymatic conversion of p-hydroxycinnamic acid into the corresponding glucose 

derivative using recombinant Gomphrena globosa sinapate glucosyltransferase was 

studied by Matsuba et al.137 This biochemical approach was applicable to most naturally 

occurring p-hydroxycinnamic acids such as ferulic acid, caffeic acid, 4-coumaric acid, 

and sinapic acid. Unfortunately, the reported yield was low for sinapoyl and feruloyl 

glucose. 

Zhu et al. devised another synthetic strategy to overcome the limitations of the 

previous method.138 The authors carried out a stereoselective glycosylation between a 

protected glycosyl donor and 4-O-chloroacetylated p-hydroxycinnamic acids (either 

ferulic or sinapic acids) (Figure 3-13). The subsequent cleavage of the chloroacetyl 

groups was then performed under mild conditions to yield desired sinapoyl or feruloyl 

glucose derivatives. This method successfully afforded the target molecules with high 

yields. To the best of our knowledge, this synthetic strategy remains the most efficient 

way to obtain SinG. One drawback is that this synthesis requires multiple 

protection/deprotection steps for both the sugar and the p-hydroxycinnamic moieties.  
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Sinapoyl malate (SinM) 

Biosynthesized from SinG in planta, SinM is crucial for regulating lignin 

biosynthetic enzymes in plants.122 A total synthesis of SinM was reported by Allais et 

al.139 This strategy employed a convergent approach from SinA and the corresponding 

protected malate moiety to afford the desired SinM (Figure 3-14). 

Although pure final product was obtained with a decent yield, the extensive use 

of toxic solvents along with multiple protection/deprotection steps throughout the 

pathway will likely hinder of the application of this approach at multigram-scales. With 

this in mind, Peyrot et al. have devised a more sustainable and straightforward, 

protecting group-free procedure based on the Knoevenagel-Doebner condensation of 

syringaldehyde and malic monomalonate ester (Figure 3-15).140 SinM and analogues 

were thereby obtained in higher yields. In addition, the method is more environmentally 

friendly as it avoids toxic solvents and reagents as well as waste-generating 

protection/deprotection steps. 

Other sinapoyl esters 

Other SinEs are of great interest with regard to their photophysical and biological 

properties.141–143 Most SinEs are obtained via Knoevenagel-Doebner 

condensations.142,143 This route is more advantageous than direct acid-catalyzed 

esterification of SinA, as it enables access to a larger range of SinEs while remaining 

simple and ecologically attractive (e.g., no protection/deprotection sequences). Some 

structural examples are shown in Figure 3-16. 
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Recovery of Sinapic Acid and Derivatives from Biomass 

Conventional Solid-Liquid Extraction Using Water/Alcohol 

The extraction of bioactive molecules from agro-industrial wastes has drawn 

increasing attention.144,145 The recovery of sinapic acids and derivatives mainly relies on 

solid-liquid extraction where water/alcohol mixtures are often used as the extraction 

solvent.100,103,146,147 Despite its popularity, there has been little attention paid to 

optimizing the extraction process by this approach. One exception was the study of 

Flourat et al., who were optimizing the recovery of SinP from mustard bran.147 Response 

surface methodology was employed and alcohol concentration, extraction temperature, 

and liquid/solid ratio were the varied parameters. The results showed that high alcohol 

concentration (66%) and high extraction temperatures were best (55 ◦C), respectively. 

These extraction conditions were similar to those reported by Reungoat et al (70% and 

75 ◦C).100 The alcohol concentration and temperature were varied between 60 to 80% 

and from 50 °C to the solvent boiling point in order to recover SinA and derivatives from 

Brassica biomass. Although aqueous methanol has been conventionally used to 

recover phenolics from processed biomass96,146,148, aqueous ethanol mixtures are more 

attractive thanks to the low toxicity of ethanol over the more hazardous methanol.100,147 

Additional purification is often necessary in order to recover metabolites of 

interest at the necessary levels of purity and adsorption chromatography has often been 

used for this purpose.98,99,146,148 Crude products were then adjusted to acid pH values 

prior to loading onto preparative ion exchange columns. Bound SinA was then eluted 

with an aqueous alcohol solution. Moreno-Gonzalez et al. have improved the binding 

capacity by studying a large range of anionic resins.149 The authors further showed that, 

compared to the batch adsorption method, the column adsorption approach afforded 
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higher selectivity towards SinA, which led to a higher recovery rate. Although the 

adsorption/desorption approach allows an efficient recovery of SinA on preparative 

scales, SinP was not recovered in its native ester form, as this method takes advantage 

of charge differences between SinP and SinA. 

An innovative recovery of SinA and accompanying SinEs in their corresponding 

alkyl ester forms using different alcohols has been reported by Li and Guo.150 Base-

catalyzed alcohol extraction of rapeseed meal was conducted, then this was followed by 

column chromatography with silica as the stationary phase. The recovery of SinE 

(methyl sinapate) was reported to be up to 7.2 mg/g of rapeseed meal. Several alkyl 

SinEs (including ethyl, propyl butyl, hexyl, octyl, decyl and dodecyl) were obtained 

through this method; however, their purification proved difficult due to the similar polarity 

of the alcohol and the corresponding alkyl sinapate ester. It is worth mentioning that the 

subsequent valorization of carbohydrates and residual meal was included in the 

extraction process. In summary, this method allows one to simultaneously isolate the 

desired phenolic compounds in their ester forms along with other valuable components 

from rapeseed meal. 

Solid-liquid extraction using water/alcohol mixtures remains the conventional 

method to recover phenolic compounds from Brassica biomass thanks to its simplicity, 

time, and cost efficiency. This method, however, requires an additional purification step, 

as the use of mixture alcohol/water also extracts other non-phenolic compounds such 

as proteins, glucosinolates, carbohydrates and many other water soluble chemicals. A 

more selective and straightforward recovery method of these secondary metabolites 

remains to be established. 
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Intensified Recovery of Sinapic Acid and Derivatives Using Physical Accelerators 

Intensified water/alcohol extraction techniques enhance the recovery of 

secondary metabolites from various Brassica biomass samples.151–154 These advanced 

technologies are more time- and energy-efficient as compared to conventional 

extraction methods since they reduce both the extraction temperature and the amount 

of extraction solvent required. This avoids the need for high alcohol concentrations and 

extended extraction durations. In this context, we provide in this section relevant 

examples of intensified SinA and derivative recovery from many that have reported in 

the literature. 

Physical accelerators, such as ultrasound, have been employed in a number of 

studies.151,155,156 Dubie et al. reported that low-frequency, high-intensity ultrasound 

treatment (20 kHz and 0.5 W/mL) of B. juncea meal improved the aqueous ethanol 

extraction. Several parameters, i.e., extraction temperature, ethanol concentration, 

sonication duration, and solvent/material ratio were subjected to a one-factor-at-a-time 

optimizations.151 The results showed that the extraction of SinA and derivatives under 

mild conditions (70% EtOH/water for 30 min at 25 ◦C) yielded comparable results to the 

conventional water/ethanol extraction that required an extended extraction time (70% 

EtOH for 7 days at room temperature). These results furthermore confirmed the 

potential utility of this intensification strategy. 

Microwave assistance enhances the extraction of bioactive molecules by 

increasing the motion of free water molecules within the plant tissue which then 

releases the target metabolites.152 This extraction method is believed to be 

advantageous compared to the conventional method.157–160Jokic et al. reported a 

recovery of phenolics from broccoli using microwave treatment along with aqueous 
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methanol under optimal conditions.157 Microwave irradiation reduced extraction time 

while enhancing the phenolic concentration in the extracts. Unfortunately, the relatively 

high cost of the microwave apparatus, along with undesired chemical reactions 

provoked during the extraction hinders wider use of this method, despite its benefits.161 

Accelerated solvent extraction (ASE) is a technique carried out under high 

pressure and an inert atmosphere with a range of extraction temperatures from 35 to 

200 °C. This intensification method has been applied to recover secondary metabolites 

from Brassica biomass22,162,163, including SinA and its derivatives.153,164 Aqueous 

alcoholic extraction of phenolics at high temperature (140-180 °C), and high pressure 

resulted in better extraction yield than conventional methods.153 On the other hand, it 

was also reported that, under similar extraction conditions (200 °C, 20 min), SinA was 

degraded into canolol by decarboxylation.164 The relatively high cost of the accelerated 

solvent extractor apparatus must also be considered a drawback. 

Nowadays, supercritical carbon dioxide (Sc-CO2) has become attractive as an 

environmentally friendly extraction solvent. The advantages of using Sc-CO2 for 

phenolic extraction over conventional methods from canola press cake was reported by 

Li et al.154 Their results showed that Sc-CO2 extraction using ethanol as a co-solvent 

enhanced the recovery of phenolics, and approximately 10 mg of phenolics were 

obtained per gram of dry matter. In addition, this extraction method appears to avoid the 

conversion of SinP into SinA during the extraction process. The major drawback is the 

need for very specific technical expertise as well as material costs. 

Advanced extraction techniques such as ultrasound-accelerated extraction, 

microwave-assisted extraction, Sc-CO2, or ASE exhibit many advantages in terms of 
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time, solvent consumption, and energy efficiency. Nevertheless, these processes still 

have an unfavorable cost/benefit ratio for industry. 

Enzyme-Assisted Recovery of Sinapic Acid and Derivatives 

Carbohydrase (Viscozyme L) and pectinase (Rapidase) were used to assist the 

recovery of phenolics from cauliflower (B. oleracea L var. botrytis) outer leaves by 

disrupting linkages between phenolics and cell-wall polymers.165 In this study, 

cauliflower leaves were pretreated with either carbohydrase or pectinase prior to 

aqueous alcohol extraction of phenolics. Multiple extraction parameters related to the 

enzyme pretreatment step including type of enzyme, concentration, incubation 

temperature, pH, and time were studied. As a result, enhanced recovery yields were 

observed in enzyme pretreated samples. 

Another study employing enzyme-assisted extraction of rapeseed meal was also 

disclosed by Laguna et al.103 Recombinant cinnamoyl or feruloyl esterase from 

Aspergillus niger was applied to the methanolic extract of rapeseed meal in order to 

hydrolyze ester linkages between p-hydroxycinnamic acids and carbohydrates. This 

enhanced the specific recovery of SinA. 

Enzyme-assisted recovery becomes an attractive and environmentally friendly 

method to recover SinA and its derivatives from biomass. This approach is 

straightforward and accessible thanks to the convenient operating conditions. 

Nevertheless, the substrate specificity and the high cost of using enzymes limit the wide 

use of this methodology. 

Biological Activities 

Along with other ubiquitous p-hydroxycinnamic acids in the plant kingdom, SinA 

and its derivatives have been extensively studied regarding their biological 
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activities.166,167 Their most important biological property of these metabolites is their 

antioxidant activity. The radical scavenging activity of SinA for 2,2-diphenyl-1-

picrylhydrazyl (DPPH•) was determined to be 33.2% and 88.4% at a molar ratio of SinA 

to DPPH• of 0.2 and 0.5, respectively.168,169 SinP, on the other hand, exhibited even 

higher antioxidant activity than SinA.170 The free radical scavenging activity of SinA and 

derivatives towards other free radical molecules such as superoxide anion radicals, 

hydroperoxyl radical, hypochlorite, and nitric oxide were documented by Niciforovič and 

Abramovič.29 

SinA and its derivatives also exhibit high photo-stabilities, which is useful for their 

use as potential UV-filter reagents.143,171 Unfortunately, there are also several 

limitations, including their absorption thresholds131,142 and the genotoxicity of cis-

isomers.172 A variety of synthetic SinEs have therefore been synthesized to overcome 

these obstacles.144,172 SinA and derivatives are thus potential biobased UV-filter 

reagents with antioxidant activities that could replace current UV-filters that are flagged 

as human- and eco-toxic.173,174  

The antimicrobial activities of SinA and its derivatives have also been well 

studied. For instance, Lyon and McGill reported on the antimicrobial activity of SinA 

against Erwinia carotovora subsp. carotovora, which causes foodborne illness in root 

vegetables.175 Inhibition of a broad range of Gram-negative and Gram-positive bacteria 

have been demonstrated using a SinA fraction isolated from the ethanolic extract of 

rapeseed.176 The antimicrobial activities of SinP136 and other SinEs140 against 

Escherichia coli have also been recently reported. These literature reports strongly 

suggest that SinA and its derivatives are potential biobased antimicrobial reagents. 
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Many human health benefits of SinA and derivatives have been reported, and 

these include anti-inflammatory88,177, anticancer90,91, anti-diabetic178,179, and 

antihypertensive180 activities as well as their protections of the nervous, respiratory, and 

digestive systems.167 For further details on the health benefits of these metabolites, we 

highly recommend the reviews by Sova and Saso167 and by Neelam et al.166  

As mentioned above, SinA and its derivatives exhibit many useful properties for 

human health beyond their well-known antioxidant and antibacterial activities.29 Their 

photo-physical properties are also important for applications as biobased UV-

filters.143,171 As a result, these bioactive molecules represent attractive ingredients in the 

pharmaceutical, cosmetic and food industries. 

Conclusion 

The therapeutic and biological benefits of SinA and its derivatives have been 

extensively studied. Although the use of advanced extract techniques to recover these 

metabolites remains limited, mainly due to their relatively high cost, the accessibility of 

these metabolites from biomass extraction has been improved. Meanwhile, chemical 

synthesis of natural and non-natural SinEs through sustainable approaches have been 

devised that enhance access to these molecules while taking into account the 

environmental impacts of the processes. Biochemical studies of SinA and its derivatives 

have also been extended to provide crucial information concerning their innate 

accumulation and their important biological roles in plants. Taken together, we believe 

that SinA and its derivatives represent potential multifunctional chemicals with a bright 

future that deserves to be further investigated and developed. 
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Figure 3-1. Structures of sinapic acids and its main corresponding esters. 

 

 
 
Figure 3-2. Three main stages of SinE biosynthesis: (1): Formation of Phe; (2): 

Formation 4-coumaroyl CoA intermediate; (3) Formation of sinapoyl esters. 
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Figure 3-3. Formation of Phe following the shikimate pathway. Square boxes indicate 

relevant intermediates. 

 

 
 
Figure 3-4. The formation of 4-coumaroyl CoA . 
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Figure 3-5. Mechanism of the deamination of Phe catalyzed by PAL. 

 

 

 
Figure 3-6. Mechanism of the formation of p-coumaric acid catalyzed by C4H. 
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Figure 3-7. Biosynthesis of sinapoyl esters. HCT: p-Hydroxycinnamoyl-CoA: quinate 

shikimate p-hydrocinnamoyltransferase; COMT: Caffeic acid O-
methyltransferase; CCR: Cinnamoyl-CoA reductase; F5H: Ferulate 5-
hydroxylase; REF: Reduced Epidermal Fluorescence Aldehyde 
Dehydrogenase. 

 

 
 
Figure 3-8. Transformation of p-coumaric acid into caffeoyl CoA. 

  

HO

SCoA

O

HO

SCoA

O

OH

HO

SCoA

O

O

HO

O

O

HO

O

O

HO

HO

O

O

O

HO

O

O

O
O-

HO

O

O

O
OR

4-coumaroyl-CoA Caffeoyl-CoA Feruloyl-CoA

Coniferaldehyde5-HydroxyconiferaldehydeSinapaldehyde

Sinapate

HCT

CYP98A3

COMT

CCR

F5HCOMT

REF

Sinapoyl esters

HO

SCoA

O

HO

O

O

OHO

OH

OH

HO

O

O

OHO

OH

OH

OH

HO

SCoA

O

OH

HO

OHO

OH

OH

CoASH

CoASH

p-Coumaroyl CoA p-Coumaroyl shikimate p-Coumaroyl shikimate

Caffeoyl CoA

Shikimate

HCT

HCT

CYP98A3



 

71 

 

 
 
Figure 3-9. Biosynthetic modification of sinapate to afford three main SinE in plants. 

 

 
 
Figure 3-10. Synthesis of SinA via a sinapoyl malate-piperidine intermediate following 

the Knoevenagel-Doebner condensation approach. 

 

  



 

72 

 
 
Figure 3-11. Synthesis of SinP described by Clausen et al. 

 

 
 
Figure 3-12. Synthesis of SinP described by Mouterde et al. 

 

 
 
Figure 3-13. Synthesis of SinG described by Zhu et al. 
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Figure 3-14. Synthesis of sinapoyl malate described by Allais et al. 

 

 
 

Figure 3-15. Synthesis of sinapoyl malate described by Peyrot et al. 

 

 
 
Figure 3-16. Several structural examples of other sinapate esters. 
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CHAPTER 4 
GLUCOSINOLATES: NATURAL OCCURRENCE, BIOSYNTHESIS, ACCESSIBILITY, 

ISOLATION, STRUCTURES, AND BIOLOGICAL ACTIVITIESa

Introduction 

Amino acid-derived glucosinolates (GSLs) are secondary plant metabolites that 

contain a sulfate and a thioglucose moiety and that play biological important roles in the 

Brassicaceae family defense system, crops of great relevance to agriculture.181 The 

coexistent thioglucosidase myrosinase (MYR) (EC 3.2.1.147) originally segregated 

within plants182, comes into contact with GSLs upon tissue disruption. Consequently, the 

enzymatic hydrolysis of GSLs occurs to form glucose, and an unstable aglucone that 

undergoes degradation to afford various of active components in response to 

environmental stresses (Figure 4-1). Along with the aforementioned role in the 

Brassicaceae defense system, GSLs are also likely involved in the survival system of 

this family. In a study of A. thaliana under abiotic stress, e.g., high salt, overproduction 

of short-chain aliphatic GSLs and underproduction of indolic GSLs occurred in 

leaves183, suggesting adaptation of the plant in response to environmental stresses. 

This is a clear evidence that showed the biological importance of GSL in Brassicaceae 

survival system, along with their prominent role involved in the defense mechanism. 

Over 130 GSL structures have been discovered and validated to date22, and the 

variations GSL side-chains (R group in Figure 4-1) imply different biological activities. 

While sinigrin, the most abundant aliphatic GSL in Brassicaceae, is directly implicated in 

 
a This chapter has been reproduced with permission from V. P. Thinh NGUYEN, Jon STEWART, Michel 
LOPEZ, Irina IOANNOU and Florent ALLAIS; Glucosinolates: Natural Occurrence, Biosynthesis, 
Accessibility, Isolation, Structures, and Biological Activities Molecules, 25, 19, 4537. (2020) DOI: 
10.3390/molecules25194537.162 
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controlling soil-borne plant pests184, indolic GSLs are likely involved in insect-deterring 

functions.185 Understanding the biosynthetic pathways and regulation of different groups 

of GSLs should lead to an understanding of the structural diversity of GSLs. 

Synthetic approaches to GSLs have been devised to support studies of their 

involvement in different biological processes in plants as well as their health 

benefits.32,184 Several natural GSLs such as sinigrin186 and glucobrassicin have been 

obtained187, along with a number of artificial GSLs.188 These syntheses appear to be 

straightforward and easily accessible. Nevertheless, the stereoselectivity challenge 

prompted by certain natural GSLs remains to be circumvented.188 As a result, isolation 

of natural GSL from biomass is often the method of choice to complement the 

limitations of synthetic approaches. 

As natural GSLs are water-soluble components33, these secondary metabolites 

can be extracted from various biomass starting materials by simple maceration.189 The 

effect of extraction method on their biological activities, the stabilities of extracted GSLs 

and their concentrations determine the success of the extraction process. We, 

therefore, suggest that the stability and storage method of GSLs must be included in 

extraction processes in order to provide a thorough insight into the extraction strategy. 

For instance, it is often mentioned that high temperature prompt GSL degradation.190,191 

Therefore, extraction at lower temperature will fully recover GSL without altering their 

structures and corresponding biological activities. 

The characterization of GSLs has been well developed.192 Extracted GSLs can 

be purified by liquid chromatography followed by characterization either by mass 

spectrometry or UV absorption. Additionally, NMR analysis can be used to confirm the 
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structure of GSLs. In the case of GSLs extracted from a complex matrix, an extra 

desulfation step using sulfatase is needed to yield the correspond desulfated GSL 

(desGSLs) prior to characterization. Although robust compounds, the analysis of 

desGSLs is time consuming as the incubation of sulfatases with GSLs requires 

approximately 24h prior to the characterization. 

The classification of GSL structures has also been well studied. Several systems 

have been proposed based on different criteria such as the GLS precursors, distinctions 

between “aliphatic”, “aromatic”, and “indole”193,194, and, the most recent criterion 

suggested by Blazevic and coworkers, the presence or absence of aromatic motif. 22 

GSLs are omnipresent in Brassicaceae plants and their processed products.23 

Upon assimilation, both positive and negative effects of GSLs remaining in processed 

products have been probed in animal nutrition.23,195 For human nutrition, negative 

effects of GSL remain to be determined due to a lack of studies in this area; however, 

the health benefits of consuming vegetables containing GSLs (e.g., broccoli, cabbage, 

etc.) are often mentioned, including antibacterial, anticancer, antioxidant, and anti-

inflammatory functions.33,196 

The aim of this chapter is to provide an overview of the chemical and biochemical 

aspects of GSLs. The biosynthesis as well as current chemical synthetic strategies of 

GSLs will also be discussed. In addition, extraction strategies, along with purification 

and characterization methods of GSL will also be explored in order to complement the 

limitation of chemical syntheses. We will also include in this chapter the most recent 

classification of GSLs, based on their side chain structures as proposed by Blazeviˇc´ et 

al.22  Additional topic include the stability of extracted GSLs and isolation methods will 
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also be explored to emphasize the potential use of these natural molecules as bioactive 

compounds. The detailed mechanism of MYR-mediated hydrolysis, the fate of the GSL 

aglucone, and its health benefits will also be covered in this chapter. 

Natural Occurrence of Glucosinolates 

Their abundant presence in Brassicaceae vegetables and condiments makes 

GSLs of interest to human society. To date, the therapeutic benefits of GSLs33 have 

prompted more attention to this class of secondary metabolites, alongside with their 

original food purposes. Although several synthetic approaches have been 

documented188, most of the more than 130 different GSLs have been identified and 

validated after isolation from plants.22,194 

GSL concentrations are unequally distributed throughout plant body. For 

instance, in Brassica napus, the GSL concentration in seed is greater than that in 

leaves.197 This variation appears to be more relevant to root vegetable crops (family 

Moringacea) than that in oilseed crops (family Brassicaceae). Moreover, the GSL profile 

varies depending on the tissue type. Although aliphatic GSLs predominate both in 

leaves and in seeds, indole GLSs are more abundant in leaves than in seeds.198 This 

difference may be related to functional differences of these plant tissues. A study of 

Troufflard et al.199 showing that A. thaliana accumulated more GSL in the roots than in 

the shoots in response to abiotic stress is a clear evidence supporting the last 

suggestion. For further information on plant response to abiotic stress involving GSL 

accumulation, we recommend the review of Martinez-Ballesta et al.200 

Breeding approaches are often employed to obtain crops with low GSL content 

for food or feed purposes201–203, while those with high GSL content remain of interest for 

non-food applications. Therefore, the choice of species should be carefully considered 
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with regards to the downstream purposes of raw materials. We also suggest that growth 

conditions should be carefully chosen in order to adapt the chosen crops to their 

cultivating environment. 

The occurrence of GSLs varies among different species within the same order 

(Table A-1). These variations occur even for the same crop in different years. For 

instance, Ishida et al reported that the amount of GSLs in the same crops of Japanese 

radish varied between 2005 and 2009.204 It was assumed that the accumulation of GSLs 

within plants highly depends on changeable environmental factors such as the weather, 

thus directly impacting the GSL contents of the crops. Therefore, the GSL content of the 

same drops must be kept updated annually, or more frequently if needed. 

Glucosinolates: Biosynthetic and Chemical Synthetic Pathways  

Biosynthesis of Glucosinolates in Plants 

GSL biosynthesis in plants has been studied extensively.205,206 As depicted in 

Figure 4-2, this pathway is composed of three separate phases: (1) chain elongation 

that involves the insertion of a methylene group into the side chain of aliphatic amino 

acids, (2) metabolic reconfiguration of the amino acid moiety to afford the core structure 

of a GSL, and (3) the modification of the core structure to yield GSLs bearing various 

aglucone structures. 

Side chain elongation of amino acid 

In an early study of GSL biosynthesis in the 1960s, Chrisholm and Wetter used 

radio-labeled methionine as an aglucone precursor to provide first evidence for side 

chain elongation phase.207 More recent studies by Graser and coworkers confirmed the 

existence of the chain elongation process by characterizing the extension of 2-oxo acid 
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using radioisotope and tandem mass spectrometry with stable isotope coupling 

analysis.208,209 

The chain elongation phase is initiated by deamination by branched-chain amino 

acid aminotransferase (BCAT) that transforms the parent amino acids into the 

corresponding 2-oxo acids (Step (i), Figure 4-2). The next stage consists of a three-step 

transformation cycle where (1) the resulting 2-oxo acid is condensed with acetyl-CoA by 

a methylthioalkylmalate synthase (MAM) to form a 2-malate derivative (Step (ii), Figure 

4-2), (2) the 2-malate is then isomerized to a 3-malate derivative by an isopropylmalate 

isomerase (IPMP) (Step (iii), Figure 4-2) followed by (3) a decarboxylation by an 

isopropylmalatedehydrogenase (IPM-DH) to yield an intermediate elongated 2-oxo acid 

(Step (iv), Figure 4-2).210 This intermediate can either undergo a transamination to 

provide an extended amino acid for the next phase (Step (v-i)); or, reenter into the 

transformation cycle for further elongation (Step (v-ii), Figure 4-2).193 

Reconfiguration of amino acid to glucosinolate core 

The conversion of amino acid to aldoximes. 

Amino acid reconfiguration begins with the oxidation to the corresponding 

aldoximes (Step (vi), Figure 4-2). The oxidation is catalyzed by three different enzyme 

systems: a cytochrome-P450 (CYP79) dependent monooxygenase, a flavin-containing 

monooxygenase and a peroxidase.205 The involvement of each enzyme system 

depends on the nature of the amino acid precursors181: GSLs from Tyr or Phe 

precursors are oxidized by cytochrome-P450 dependent monooxygenase while those 

containing homophenylalanine or elongated methionine GSLs are oxidized by 

cytochrome P450-independent monooxygenases, respectively; while plasma 

membrane-bound peroxidases produce GSL from Trp. 
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The conversion of aldoximes to thiohydroximic acids. 

CYP83 cytochrome monooxygenases activate the aldoxime resulting from amino 

acid oxidation to give the corresponding thiohydroxymate (Step (vii-a), Figure 4-3). The 

activated aldoxime is then conjugated to glutathione (GSH), which acts as a sulfur-

donor183 to yield the corresponding thiohydroximate intermediate (Step (vii-b), Figure 4-

3). The newly formed S-alkyl-thiohydroximate intermediate is then cleaved by a C-S 

lyase: SUR1 to provide the corresponding thiohydroximates185 (Step (vii-c), Figure 4-3). 

An experiment conducted by Czerniawski and Bednarker while studying biosynthesis of 

indolic GSL showed the formation of intermediate GSH-conjugates, which suggests the 

involvement of GSH within the biosynthesis of GSLs.211 

The formation of the glucosinolate core. 

Thiohydroximates are subsequently transformed by UDP-glucose: thiohydroximic 

acid S-glucosyltransferases (S-GT) (Step (viii), Figure 4-2), and desulfoglucosinolate 

sulfotransferases to afford GSL core structures with the corresponding side-chains 

(Step (ix), Figure 4-2). Transferases involve in the formation of the GSL core have been 

identified and reported in the literature.212,213 This identification clarifies how the GSL 

core has been formed via the transfer of glucose and sulfate moieties by corresponding 

transferases. 

Natural side chain modification of glucosinolates 

Side chain modifications of newly-formed GSL core structure are frequently 

encountered.22,214 Chemical transformations of GSL side-chains occur in vivo via 

enzyme-catalyzed oxidations, eliminations, alkylations, and esterifications.215 Most 

reported side chain modification are related to methionine-derived GSL.216 
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These side chain decorations have drawn increasing interest with regard to their 

influence on the direction of MYR-catalyzed hydrolysis as well as the resulting activities 

of the hydrolysis products.206 Moreover, these modifications contribute to the structural 

diversity of this class of molecules. As a result of the diversity of side-chains, a number 

of GSLs with more complex side chains results in multiple biological activities in 

plants.210 

Regulation of glucosinolate biosynthesis 

Studies of the regulatory system that controls GSL biosynthesis in the model 

plant A. thaliana by employing a genetic approach along with structure profiling has 

provided further information about the analogous route in Brassica plants. A 

Quantitative Trait Locus (QTL) is a region of DNA (Deoxyribonucleic acid) that 

influences a quantitative phenotype trait.217 Analyzing the expression of phenotypic 

traits, in this case, GSLs , in A. thaliana allows one to identify new functional loci.210 GS-

ELONG, GS-OX, GS-AOP, and GS-OH have all been identified as associated with side-

chain variability of aliphatic GSLs.218 In the case of indolic GSLs, QTL mapping has 

been combined with transcript profiling, and subsequent cis-expression of a QTL to 

identify the regulatory gene for 4-methoxy indolyl-3-methyl glucosinolate in A. 

thaliana.219  Wentzell et al. have successfully identified a locus that regulates the 

expression of aliphatic and indole glucosinolates by mapping the expression QTL with 

the expression phenotype traits in A. thaliana.220 For further genomic insights, review of 

Sønderby et al. is highly recommended.210 

The regulatory system of GSL biosynthesis in plant is complex. In spite of the 

extensive studies on GSL biosynthesis221–223, some aspects of the genetic and 

biochemical nature of their regulation remain to be elucidated. Further investigation 
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should be conducted to examine the biosynthesis of GSLs, which can lead to a deeper 

understanding of the biological role of GSLs under environmental stresses as the 

regulation of these metabolites is tightly coupled to the survival of the plants. 

Chemical Synthesis of Glucosinolates 

Chemical synthesis can be an efficient way to produce pure naturally occurring 

and artificial GSLs. Two synthetic strategies have been proposed based on two 

disconnections between the glucose and aglucone moieties: the anomeric 

disconnection, and the hydroximate disconnection (Figure 4-4).188 

Anomeric disconnection 

The anomeric disconnection strategy involves a standard electrophilic glucosyl 

donor and a thiohydroxamic acid acceptor. The method was established by Ettlinger 

and Ludden.224 Figure 4-5 illustrates the synthesis of GSL following this method. 

The synthesis starts with the addition of benzyl magnesium chloride to carbon 

disulfide. The reaction was then treated with aqueous hydroxylamine hydrochloride at 0 

◦C to form in situ nucleophile a in equilibrium with the desired nucleophile b (c.a. 33%). 

The latter is then reacted with protected α-bromoglucose under basic conditions to 

provide the corresponding glucosyl thiohydroximate. The next step relies on reacting 

glucosyl thiohydroximate with sulfur trioxide pyridine. The resulting peracetylated 

glucotropaeolate anion is then crystallized as either the potassium or 

tetramethylammonium salt. Ultimately, glucotropaeolin undergoes purification by cation 

exchange chromatography. This method results in low-yield, probably due to the 

formation of the unstable alkylthiohydroxamic acid intermediate. The moderate 

efficiency of the nucleophilic displacement at the anomeric position of the glucosyl 

halide counterpart is another drawback that contributes to the unpopularity of this 
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approach. To the best of our knowledge, this synthetic procedure has never been 

optimized further since its original disclosure.188 For this reason, most of GSL synthetic 

studies follow the alternative hydroximate disconnection described below. 

Hydroximate disconnection 

This methodology involves 1,3-addition of a protected thio-β-D-glucopyranose to 

a highly labile nitrile oxide. This route is the most popular methodology for GSL 

synthesis. One disadvantage is that  the nitrile oxide must be generated in situ from the 

corresponding hydroximoyl precursor.22 Multiple approaches have, therefore, been 

developed to access to this labile precursor starting from aldoximes, from aliphatic 

nitronates, or from nitrovinyl derivatives. 

The Aldoxime pathway. 

In the early 1960’s, M.H. Benn devised the first synthesis of GSL that employs 

the aldoxime pathway (Figure 4-6).225 The hydroxinamic chloride was prepared by 

chlorinating of the aldoxime precursor, then reacted in situ with a base to yield the 

unstable corresponding nitrile oxide. This was then reacted with protected glucosyl thiol 

to give the corresponding glucosylthiohydroxamate that, upon subsequent sulfonation, 

afforded the desired protected GSL. Final deprotection yielded the desired GSL in its 

salt form. Although the aldoxime pathway remains a popular method for synthesizing 

GSLs, the halogenation tolerance of side-chain aldoximes limits the scope of this 

method.188 As a result, alternative approaches employing nitronate and nitrovinyl 

pathways have been investigated. 

The nitronate and nitrovinyl pathway. 

In the previous methodology, the low tolerance of many vinyl and aryl aldoxime 

precursors under the halogenation reaction conditions was a significant drawback. To 
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overcome this limitation, an alternative method for generating the key hydroximoyl 

chloride intermediate via the formation of a nitronate was established first time by Benn 

and Ettlinger.186 In their study, sinigrin was successfully synthesized from but-3-enyl 

bromide employing the nitronate pathway (Figure 4-7). 

The synthesis starts with the conversion of but-3-enyl bromide to the 

corresponding nitronate anion. The medium containing the newly formed nitronate is 

chilled to 0 °C, then lithium chloride-hydrochloric acid is added, which yields the 

corresponding but-3-enohydroxamoyl chloride. The latter then undergoes the same 

established pathway as that of aldoxime by reacting with tetraacetyl-β-D-glucopyranosyl 

mercaptan to afford the corresponding thiohydroximic acid, which is then transformed to 

desired sinigrin as depicted in the last step of Figure 4-7. 

The nitrovinyl pathway is based on the discovery of a one-step conversion of 

nitroalkenes to hydroximoyl chlorides.226 As depicted in Figure 4-8 for the synthesis of 

indolic GSL, the conversion of nitroalkenes relies on their reaction of nitrovinyl 

derivatives with triethylsilane (a hydride source) in the presence of a Lewis acid to 

provide substituted acethyhydroximol chlorides.187 This hydroximoyl intermediate then 

follows the same pathway as in aldoxime and nitronate strategies to afford the desired 

GSL. 

Many successful syntheses of vinyl, aryl, and indole GSLs using the nitronate 

and nitrovinyl pathways have been performed and reported.22,188 However, one 

exception227 has shown that the nitronate pathway is less efficient than the aldoxime 

one for certain aryl GSLs. In addition, there is a lack of stereoselectivity in previously-
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established pathway.188,228 Based on these considerations, higher stereoselective 

synthetic methodologies remain to be designed to tackle these challenges. 

Extraction, Purification and Characterization of Glucosinolates  

Extraction of Glucosinolates 

Glucosinolates are water soluble components with very low octanol-water 

partition coefficients, owing to their ionized sulfate and hydrophilic thioglucose 

moeities.33 Therefore, extracting these metabolites from plant materials mainly relies on 

solid-liquid extraction with boiling water189,229 or aqueous organic solvent mixtures as 

extraction solvents.162,230–232 

Various modifications of the extraction parameters including solvent composition, 

temperature, and tissue disruption method have been investigated in order to optimize 

the extraction process. Doheny-Adams et al. studied effects of these parameters on the 

extraction of GSLs from several Brassica plants.233 Boiling water and mixtures of 

methanol/water were tested as extraction solvents. Tissue disruption prior to GSL 

extractions was also carefully investigated. One result of these studies was the 

elimination of freeze drying for short term storage of plant tissue samples. Freeze 

drying, however, is still advised for long term storage in order to maintain the GSL 

recovery yield of the established process. Using cold 80/20 methanol/water as the 

extraction solvent instead of boiling mixture 70/30 methanol/water appears to be 

advantageous for industrial scales due to the reduction in the number of steps in the 

process while also being less hazardous and offering improved or comparable GSL 

recovery rates. 

Originally established by Thies234, the isolation of intact GSLs has recently been 

improved by Forster et al.235 This process started by extracting GSLs from Moringa 
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oleifera leaves with 70% methanol/water at 80 °C. The extract was then purified by 

chromatography to yield a purified GSL fraction. Additional recrystallization steps were 

needed to afford the final, pure GSL mixture. This method was reported to yield up to 

600 µmol of GSL per gram of dry material. With regards to the amount of GSL amount 

isolated from M. oleifera leaves, this strategy appears to be both efficient and 

accessible. On the other hand, employing hot extraction with methanol might lead to the 

partial degradation of GSLs, which can be seen from the authors’ observation of the 

formation of artifact GSLs and loss of the acetylated GSLs. Therefore, the extraction at 

high temperature should be carefully weighed against the potential for GSL degradation. 

Besides extracting intact GSLs, Forster et al. also employed a desulfation strategy in 

order to isolate GSL from M. oleifera leaves.235 This strategy followed the same protocol 

as for intact GSLs. However, rather than being directly eluted, bound GSLs were treated 

with a cleaned-up Helix pomatia sulfatase solution in order to remove the sulfate group 

of GSLs. After overnight incubation, desulfated GSLs were easily eluted by flushing the 

column with ultra-pure water. Despite the qualitative difference between the desulfation 

and the intact extraction, the resulting total amount of GSL resulting from both methods 

were reported to be similar. Nevertheless, the formation of artifacts and loss of 

acetylated GSL observed while employing desulfation approach for isolating M. 

oleifera’s GSLs suggests that the desulfation method is not appropriate for recovering 

GSLs from plant materials. 

The use of physical accelerators to intensify the extraction, such as ultrasound, 

has been explored in order to enhance the extraction yield.236 Ultrasound was applied 

during the extraction step, which improved the GSL recovery rate and time efficiency, 
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and also reduced the amount of extraction solvent required. Taken together, ultrasound 

significantly enhaced productivity over the conventional extraction method, by 

eliminating the outer pectinous materials, which facilitates the recovery of GSLs from 

plant materials. 

Supercritical carbon dioxide has drawn increasing attention as an alternative, and 

environmentally friendly technique for solvent extraction. The advantages of using Sc-

CO2 for GSL extraction from Eruca sativa leaves over conventional methods have been 

recently reported.237 A mixture of Sc-CO2 and water allowed efficient extraction of GSLs 

from the plant materials, with a recovery of 64% of the total GSL amount originally 

present. The recovery yield remained stable at the temperatures ranging from 45 to 75 

°C at a constant pressure of 30 MPa. Moreover, the substrate selectivity of the 

extraction could also be controlled. For instance, by increasing the pressure from 15 to 

30 MPa, GSLs were selectively recovered over the polyphenols, which were more 

favorably extracted at lower pressures. Despite the lower extraction yield compared to 

the conventional method using boiling water, Sc-CO2 selectively extracted GSLs from 

other secondary metabolites while preserving their bioactivities. 

Accelerated solvent extraction is a technique carried out under pressure and an 

inert atmosphere that allows a range of extraction temperatures from 35 to 200 °C. It 

has been shown that ASE quantitatively enhanced the recovery yields of hydrocarbons 

from reference materials.238 This technique has also been applied to recover GSLs from 

Isatis tinctoria leaves.162 The extraction conditions were optimized with respect to raw 

material particle size (0.5 mm), temperature (50 °C), extraction solvent (70 % methanol 

in water), and extraction time (three 5 min. extraction cycles). The recovery yield of the 
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study was reported to be over 97 %, although it was noted that GSL degradation was 

observed when the extraction temperature exceeded 50 °C. This information 

underscores the thermal sensitivities of GSLs during the extraction process. ASE was 

also employed to extract GSLs from Lepidium sativum.239 In this study, however, the 

method did not show any recovered yield advantage as compared to the conventional 

maceration extraction technique. Moreover, the recovered GSLs appeared to be less 

efficient in reducing the bacterial growth compared to those obtained by other extraction 

techniques. This observation suggested that the partial degradation of GSLs occurred 

during the extraction process, which led to lower biological activities. 

As GSLs are recovered along with other water-soluble components from the 

biomass such as proteins and phenolic compounds, a selective GSL extraction method 

is desirable in order to isolate these metabolites efficiently. Conventional solvent 

extraction using water-alcohol mixtures is often used due to its simplicity, speed and 

cost-efficiency, as well as a high recovery rate of GSLs; however, the extract must often 

be subject to downstream purification chromatographic processes, which is time-

consuming and costly. Performing the extraction using intensified techniques such as 

ultrasound accelerated extraction, Sc-CO2, or ASE has been found to be advantageous 

over conventional method in terms of time, solvent consumption, and energy efficiency. 

In addition, the selectivity of these extraction methods with respect to GSLs are high 

and enable GSLs to be efficiently isolated from other components of the biomass. 

Unfortunately, these intensified processes still are too costly for common use in 

industry. 
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Purification and Separation of Glucosinolates 

Isolation of GSLs from the aqueous extracts described above can be arduous as 

these metabolites are extremely hydrophilic. An early reported isolation of sinigrin from 

rapeseed devised by Thies took advantage of the ionic nature of GSLs.234 Targeted 

GSLs were adsorbed onto a weak anion-exchange resin (DEAE Sephadex A25). The 

bound GSLs were then eluted by adding a high concentration of potassium sulfate 

solution. The eluate was concentrated under vacuum, and then further purified using a 

weak cation-exchange resin (CM Sephadex C25). The eluate obtained from the second 

purification was subsequently concentrated and recrystallized to afford a pure, solid 

GSL fraction. Sinigrin and glucotropaeolin with high purity have been isolated on gram 

scales by employing this method and it was recently employed by Wang et al.240 The 

adsorption/desorption of negatively charged GSLs was performed on macroporous ion-

exchange resins. The process successfully recovered sinigrin, the main GSL in 

Brassica juncea L., with 58% purity and a recovery rate near 80%. 

Most GSL separation methods rely on chromatographic techniques. Charpentier 

et al. have separately isolated progoitrin and gluconapin using chromatography on 

alumina.241 The recovery yields have been reported to be 96% and 98% from the 

aqueous extract for progoitrin and gluconapin, respectively. By employing preparative 

scale HPLC, Rochfort and coworkers have developed an isolation process that provided 

17.6 mg of pure glucoraphanin from 3 g of broccoli seeds.242 

High speed counter-current chromatography (HSCCC) is a hybrid technique that 

combines liquid chromatography and liquid-liquid counter-current distribution in 

conjunction with the use of centrifugal force.243 Fahey et al. have successfully separated 

different GSLs from broccoli seed extract by employing this technique.244 The partition 
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coefficients of the immiscible solvents are crucial in order to successfully separate 

similar GSLs. The optimal solvent system was determined to be 1-propanol / acetonitrile 

/ saturated aqueous ammonium sulfate / water in a ratio of 1 / 0.5 / 1.2 / 1. Separation of 

different GSLs in the extract was achieved along with high recoveries (over 88 % of 

recovered yields). 

Although conventional techniques employing liquid chromatography enable the 

isolation of individual GSLs with high purities, these processes demand precise and 

high-cost instruments, operating systems, columns, and a large amount of high-salt and 

high-polar solvents along with high energy and time commitments. By contrast, batch 

adsorption onto an ion-exchanger resin allows a straightforward purification of total GSL 

that is rapid and can be performed on an industrial scale. The drawnback is that this 

method does not allow for a facile separation between different GSLs residing in the 

extract. When selecting a purification method, the downstream applications of the 

isolated GSLs must be carefully considered. 

Characterization of Glucosinolates 

Glucosinolates, once recovered and purified from plant materials, can be 

characterized. Their qualitative characterization is mainly conducted using liquid 

chromatography tandem mass spectrometry.22,241,245 NMR spectrometry is often used as 

the ultimate confirmation since its allows for unambiguous determination of GSL 

structures.22,246 Other characterization techniques have also been used to complement 

these analytical methods. Crystallization enabled the structure determinations for both 

glucoiberin247 and sinigrin248 by X-ray analysis. These are the only GSL crystal 

structures that have been documented, to the best of our knowledge. Fourier-transform 
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infrared spectroscopy analysis is often used to confirm the presence of the sugar 

moiety, which is considered to be a characteristic of these metabolites.245,249 

A desulfation procedure is often employed to determine glucosinolate 

structures.230,233 The intact GSL is initially immobilized on an anion exchange resin by 

interactions with negatively charged sulfate group. Applying Helix pomatia sulfatase 

directly to the resin removes the sulfate groups localized on aglucone moiety of bound 

GSLs. The desGSLs are then released from the anion ion resin and eluted by flushing 

the cartridge with ultra pure water. Analysis of the desGSL derivatives permits one to 

deduce the corresponding original GSL structures. 

While the desulfation procedure can to distinguish between different isomers of 

several GSLs250, it is not a universal approach for characterizing GSLs. Some desGSLs 

are less stable, which leads to analytical difficulties.194 Also, GSLs with negatively 

charged side chains cannot be characterized by the desulfation procedure as it is 

impossible to elute these desGSLs from the anion exchange resin due the remaining 

negative charge on the side chain.22 Despite these disadvantages, this method is still 

employed and approved by current reviewers.230 

For complete characterization, spectral data should include at least 1H NMR, MS, 

IR. Additional spectroscopic data, such as 13C NMR, MS-MS, and elemental analysis 

are also highly useful. Although the desulfation procedure followed by conventional 

analysis remains the typical method for GSL identification, this approach still has 

limitations regarding the stability of the desulfated products and other issues involving 

the diversity of GSL side chains. Moreover, desulfation is time consuming. It would 
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therefore be useful to be develop new analytical tools to expand our scientific 

understanding of these metabolites. 

Structure and Classification of Glucosinolates 

GSLs are anions composed of thiohydroxymates carrying an S-linked β-

glucopyranosyl residue and an N-linked sulfate bearing an amino acid derived side 

chain, which is referred as “R group” in the general structure Figure 4-1. This side chain 

is subject to broad structural variation, which is likely associated with variations in 

biological functions22 

GSLs are frequently classified into three main families based on the nature of 

these amino acid components, namely “aliphatic”, “aromatic” and “indole”.210 However, 

that classification is thought to have little biological and chemical significance according 

to the recent review by Blazeviˇc and coauthors.22 These authors introduced a 

classification system based on amino acid precursors. In their review, over 130 

identified and validated GSLs have been classified into 9 panels from A to I, depending 

on three main criteria: 1) the amino acid precursor, 2) the type of degradation product, 

either volatile or non-volatile Isothiocyanates (ITC) or oxazolidine-2-thione; and 3) the 

presence and absence of an aromatic moiety in the GSL. Table A-2 gives an example 

to how GSLs are classified according to these criteria. 

The newly proposed criteria offer a reliable system for GSL classification based 

on chemical and biochemical properties of GSLs and their degradation products 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 one to quickly separate a large amount of GSLs while using UV detectors. The 

usefulness of this criterion was demonstrated by the authors by separating GSLs for 
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which Phe, Tyr, and Trp are precursors, from other non-aromatic groups. A further 

subgrouping within aromatic group that separates indolic GSL from other phenylalkyl 

and less common aromatic GSLs appears to be useful. 

Stability of Glucosinolates 

Effects of Processing Methods on Glucosinolate Profile 

Beside chemical degradation involving the MYR-catalyzed hydrolysis, the 

thermal degradation of GSLs also occurs.190,191,251 As a result, GSL profiles of cooked 

Brassica vegetables are altered at different levels depending on the culinary techniques 

employed, such as cooking, steaming, and microwaving. Reduction of red cabbage 

(Brassica oleracea) indolic GSL during the cooking process has examined.253 The 

content of glucobrassicin (Structure shown in Figure 4-9) and its homologs drastically 

declined during cooking below 120 °C. On the other hand, aliphatic GSLs appeared to 

be more stable, and only a slight degradation has been observed under the same 

cooking conditions. The degradation became drastic for all GSLs under canning 

conditions, where the processing temperature exceeds 120 °C. The total amount of 

GSLs was reduced by over 70% under these harsh conditions. These observations 

allow some conclusions with regards to differences between the thermal stabilities of 

aliphatic and indolic GSLs. 

A study conducted by Song and Thornalley also investigated the thermal 

degradation of GSLs due to domestic processing of Brassica vegetables, such Brussel 

sprouts, broccoli, cauliflowers, and green cabbage.252 Moreover, the effects of cooking 

methods such as microwaving, steaming, and stir-frying on GSL amounts were also 

investigated. Cooking by these methods did not significantly decrease GSLs, in contrast 

to boiling, which showed significant losses by leaching of GSLs into the cooking waters 
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at high temperatures.190 Thus, boiling Brassica should be avoided in order to preserve 

intact GSLs in raw materials. 

A recent study on the roasting process of rapeseed seed showed that industrial 

scale post-harvest treatments, which are often necessary to produce higher quality oil 

related products, impact the GSL profile of the plant materials.251 Up to 29% of the 

original GSL amount in plant materials were lost during the roasting process. The 

industrial scale roasting processes reduces the GSL content mainly by thermal 

degradation, and up one third of GSL are degraded by this route. 

Based on the information described 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 reduce the GSL content, these 

are also beneficial for food and feed applications. If GSLs are desired for non-food 

purposes, thermal treatments should be avoided. We highly recommend the review by 

Hanschen and coauthors253 for further information concerning the reactivities and 

stabilities of GSLs and their breakdown products in food. 

Degradation of Glucosinolates in Solution 

The stabilities of GSLs and desGSLs from Moringa oleifera in solution were 

investigated with the presence and absence of buffers.235 The GSLs extracted from 

plant materials, either desulfated or intact, were dissolved in ultra-pure water and stored 

at room temperature or -20 °C. After 9 days of storage, the GSL profiles of the extracts 

were analyzed. The results showed that GLSs were stable at low temperature with little 

isomeric conversion or degradation. 

By contrast, GLS solutions stored at room temperature showed significant 

conversion among acetylated GSL isomers. Furthermore, degradation of GSLs has 
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been reported to be up to 32 % of the original level. At room temperature, buffered 

solutions of GSL appear to be more stable than those in pure water, with a reduction of 

20 % of the total amount of GSL recorded over 9 days. There was no significant 

difference between unbuffered and buffered GSLs stored at low temperature. Based on 

these results, we suggest storing GSL solutions under buffered conditions and at low 

temperatures (preferably -20 °C) in order to safely preserve the original GSL profile. It 

should be noted that GSLs are even more stable when stored as solid salt forms. 

Biological Activities of Glucosinolates 

Mechanism of Myrosinase 

Glucosinolates play an important role in the defense mechanism of Brassica 

plants. Upon tissue disruption, catabolites released by myrosinase-catalyzed hydrolysis 

are frequently responsible for the toxicity of the parent GSLs whose intact forms, by 

contrast, are biologically inactive.254,255 This mechanism of prevention against herbivory 

feeding suggested that this is the main function of GSLs in plant defense systems.206 

Intact GSLs are stored separately from the thioglycosidase MYR. The latter 

catalyzes the hydrolysis of GSL upon plant tissue disruption. As described in Figure 4-1, 

an unstable aglucone moiety is released along 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.256 Furthermore, MYR displays a retaining mechanism which is 

similar to that of family 1 O-glycosidases.257 In order to elucidate the mechanism of 

MYR, Burmeister et al. has studied the crystal structure of MYR.256,258 A substrate 
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analog complex was prepared by soaking the MYR crystals with 2-deoxy-2-

fluoroglucosinolate (2FG) (Structure shown in Figure 4-9c). The results clearly showed 

that the 2-fluoroglucose moiety, released from the substrate upon myrosinase attack, 

was covalently bound to Glu 409 within the active site (Figure 4-9a). The crystal 

structure of the 2FG-MYR complex confirmed that MYRs are retaining glycosyl 

hydrolases. 

Like most retaining glycosyl hydrolases, MYRs follow a conventional two-step 

mechanism: 1) formation of a covalent enzyme-substrate intermediate; and 2) the 

release of glucose via hydrolysis of the previously formed intermediate. The mechanism 

of the glucose hydrolysis step is described in Figure 4-10. The glycosylation begins with 

the introduction of GSL into the active site of MYR. The residue Glu 406 then binds to 

the glucose moiety of the substrate at the anomeric position, releasing aglucone moiety. 

Ascorbic acid was identified as a coenzyme for MYR by Ettlinger et al.259 

Although nonessential for the catalyzed GSL hydrolysis258, its presence enhances up to 

the glycosylation of MYR by up to 400-fold.259 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 (Figure 4-11). 

Hypothetical recognition role of sulfate group. 

Although characteristic of GSL structures, the sulfate group in the aglucone 

moiety exhibits an unclear function with respect to MYRs. A distorted conformation of 

GSL due to the interaction of the sulfate group with an active site amino acid side chain 

of MYR within its active site has been noted.258 Based on these results, it was 

hypothesized that myrosinase recognizes GSL substrates via the sulfate group. 
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Attempts have been made to rationalize the role of the sulfate group in GSL 

recognition by MYR based on the feeding pattern of crucifer specialist insects. The 

investigation on the feeding pattern of Plutella xylostella larvae by Ratzka et al. 

suggested that the removal of the sulfate group rendered GSLs invisible to MYR.260 

Furthermore, several studies have shown that removing the sulfate group of GSL allows 

specialist insects to feed on crucifer plants.261–263 

These observations support our hypothesis regarding the recognition role of 

sulfate group within the defense system in crucifer plants. However, there is, to date, no 

further research article investigating on the sulfate group of GSL since the publication of 

the crystal structure of Sinapis alba MYR by Burmeister et al.256,258 Further investigation 

on the substrate recognition mechanism of MYRs will likely confirm the role of the 

sulfate group. 

Reconfiguration of unstable aglucone 

As described previously, an unstable aglucone moiety of GSL is released along 

with a glucose unit upon MYR-catalyzed hydrolysis. A number of biologically active 

compounds are obtained further reactions of this unstable aglucone.190 ITC, the most 

studied among GSL catabolites, is formed via a spontaneous Lossen rearrangement of 

the corresponding aglucone under physiological conditions (Figure 4-10).  

An additional range of bioactive non-ITC catabolites from MYR-catalyzed 

hydrolysis have also been identified.190,264 Sinigrin is the only known GSL that can form 

an ITC along with other products such as nitriles, epithionitriles and thiocyanates 

(Figure 4-10). Their formation is dependent on the allyl structure of the aglucone, as 

well as by protein specifiers.265 It is noteworthy that these catabolites are also formed in 

in vitro at low pH in the presence of ferrous ions but in the absence of specifier-proteins, 
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albeit in low yields.264 These finding highlight the pH dependence of catabolite formation 

in downstream reactions of GSL aglucones.22 

Biological Activities of Glucosinolates and their Catabolites 

Negative effects of GSLs on domestic animals have been documented by 

Tripathi and Mishra in their review.23 These effects usually occur upon assimilation of 

GSLs at high concentrations. Among relevant symptoms, reduction of feed intake which 

causes growth depression, and induction of iodine deficiency are often reported.266,267 

Moreover, high GSL diets eventually result in higher mortality in pig, rat, and rabbits.23 

As such, an intake limit of GSLs should be defined in order to avoid the occurrence of 

unexpected negative effects. 

To the best of our knowledge, there is no clear evidence in the literature that 

documents a negative effect of GSL assimilation on human health. Indeed, GSL 

catabolites such as ITCs, and nitriles have been proved to provide attractive therapeutic 

effects such as inducing of phase II enzymes.195 Increased tissue levels of the phase II 

detoxification enzymes is associated with decreased susceptibility to chemical 

carcinogenesis.31 In their study, Munday and Munday observed an increase in phase II 

detoxification enzymes, such as quinone reductase and glutathione S-transferase in rat 

tissues by daily oral-assimilation of different ITC compounds.195 These authors therefore 

suggested that chemoprotective effects are common to ITC. 

GSL catabolites are potent inhibitors of bacterial activity.33 Although intact GSLs 

are usually bio-inactive23, allyl ITCs exhibit antimicrobial activities. By studying the effect 

of allyl ITCs on Staphylococcus aureus, a methicillin-resistant bacteria which causes 

purulent skin and soft tissue infections, Dias and coworkers concluded that these 
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molecules derived from GSL hydrolysis possess strong antimicrobial activity against 

these specific bacteria.32 

Biofumigation is a process where plants are used as natural “pesticides” to 

reduce soil-borne pests and pathogens. The biofumigation properties of GSLs and their 

breakdown products have been investigated by Haschen and coworkers.268 In their 

study, the cultivation of B. juncea produced a significant amount of GSLs and their 

hydrolysis products, such as ITCs, and nitriles, and released them into the cultivating 

soil. Consequently, growth of bacterial community was inhibited. These results 

confirmed the fumigation properties of GSL, and their breakdown products. 

In other circumstances, GSLs are catalytically hydrolyzed in vivo by 

supplementary proteins known as specifier proteins.269 These promote the formation of 

non-ITC catabolites such as nitriles, epithionitriles and thiocyanates whose biological 

roles have been reviewed.264 The coexistence of specifier proteins along with MYR 

suggests the adaptation of plants to circumvent the presence of natural enemies. For 

instance, favoring production of simple nitriles over ITCs upon herbivore damage may 

enable a better defense of A. thaliana against the specialist herbivores.270 

Conclusion 

Recently, GSLs and their breakdown products have been studied extensively 

with regards to their therapeutic and agricultural benefits. The diversity of side chains, 

with over 130 GLS structures discovered to date, along with their abundance presence 

in Brassica plants, makes these metabolites interesting for natural product chemistry, 

biochemistry and biology. 

Despite the advanced development of synthetic approaches, extracting naturally 

occurring GSLs from corresponding plant materials remains the method of choice to 
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obtain many molecules of interest. On the other hand, extraction approaches have 

several drawbacks that must be overcome before they can be employed routinely at the 

industrial scales. The high hydrophilicity of GSLs makes their separation from the 

aqueous extract difficult by conventional extraction method. In addition, the purification 

and characterization of individual GSLs often requires advanced chromatography 

techniques which exact a high cost in time and labor. As a result, a more 

straightforward, accessible, and sustainable extraction method should be developed. 

 



 

101 

 
 
Figure 4-1. Hydrolysis of GSL by MYR upon tissue disruption. (R = alkyl, aryl, indole). 

 

 
 

Figure 4-2. Three separate phases of glucosinolate biosynthesis: R indicates the 
variable amino acid precursors, and R’ indicates either original or extended 
amino acid. The blue box indicates the chain elongation phase, the green box 
indicates the reconfiguration phase yielding the core structure of 
glucosinolate, and the red box indicates the glucosinolate side chain 
modification phase of the glucosinolate core structure with some structural 
examples from Table A-2. The figure was adapted from the biosynthesis of 
GSL proposed by Graser and coworkers. 
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Figure 4-3. Conversion of aldoximes to thiohydroximic acids. GSH: Glutathione. 

 

 
 
Figure 4-4. Retrosynthesis approach to GSL synthesis: anomeric disconnection (blue), 

hydroximate disconnection (red). OG represent suitable protecting group. 
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Figure 4-5. Synthesis of glucotropaeolin. OG represent suitable protecting group. 

 

 
 
Figure 4-6. Synthesis of GSL following the aldoxime pathway. (R, R’ = H, alkyl and aryl) 
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Figure 4-7. Synthesis of sinigrin employing nitronate pathway. 

 

 
 
Figure 4-8. Synthesis of glucobrassicin. 
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(a) 

 
(b) 

 
(c) 

 
Figure 4-9. Overview of the active site of Sinapis alba Myrosinase showing interactions 

between residues and the 2-deoxy-2-fluoroglucosinolate (2FG) as substrate 
(PDB accession number 1E70, resolution: 1.65 A). Red dashed lines show 
hydrogen bonding interactions between the substrate and MYR residues 
within the active site. (a) PyMOL representation. (b) Chemical structure 
representation of the MYR-2FG. (c) Structure of 2-deoxy-2-
fluoroglucosinolate. 
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Figure 4-10. Reconfiguration of unstable allylglucosinolate aglucone upon myrosinase-

catalyzed hydrolysis. Black arrow pathway shows the formation of 
allylisothiocyanates employing spontaneous Lossen arrangement. Blue arrow 
pathway shows the formation of allylthiocyanate assisted by protein specifier. 
Red arrow pathway indicates the formation of allylcyanide assisted by protein 
specifier. 

 

 
 
 
Figure 4-11. Schematic reaction mechanism of Myrosinase in the presence of ascorbic 

acid. 
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CHAPTER 5 
ISOLATION OF PROTEINS AND SECONDARY METABOLITES 

Introduction 

Historically cultivated in the Ethiopian highlands and adjoining areas of East 

Africa and in Mediterranean regions, Brassica carinata (referred as Carinata) is a 

nonfood oilseed crop with high oil content rich in erucic acid, which is suitable for 

aviation biofuel production.271 Cultivating Carinata in the southeast regions of the USA is 

believed to be economically and ecologically beneficial for local farmers by improving 

the soil nutrient and moisture conservation during winter seasons.6 Although the main 

purpose of such cultivations is to support bio-fuel production, the residual meal still 

contains valuable components such as proteins and secondary metabolites.7,16 

The defatted Carinata meal obtained after oil extraction could constitute an 

important protein source. The nutritional value of Carinata is similar to that of rapeseed 

(B. napus), which is considered to be well-balanced for human nutrition.15,18,34 The 

nutritional value of Carinata is furthermore comparable to that of other plant-based 

proteins (soybean, sunflower), and even certain animal based proteins (casein).16 It 

should be noted that these proteins also have functional properties of great interest54,59, 

for many applications.60,61 The secondary metabolites of Carinata meal are mainly 

phytic acid, PCs, and GSLs.18,272 Although therapeutic benefits of these molecules have 

often been mentioned18,24,29,33, they also exhibit anti-nutritional activities at high 

concentrations, and thereby decrease the nutritional value of meal or protein 

extracts.17,18 An additional separation step is, therefore, required to remove secondary 

metabolites from protein extracts. This process must have a high separation efficiency 
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without altering the biological activities and functional properties of each category of the 

molecules. 

Sustainable and environmentally friendly recovery of bioactive molecules from 

biomass is attracting ever-increasing attention.144 The recovery of these metabolites 

from agro-industrial wastes using aqueous alcohol extraction has become 

popular.100,147,150,272,273 Although aqueous methanol has traditionally been used to 

recover phenolic compounds from biomass96,103, aqueous ethanol (AE) has become 

more attractive because of its low toxicity.100,147 Nevertheless, such an extraction 

process often involves the use of alcohol at high concentrations and/or the use of high 

temperatures, which can partially alter the solubility and functional properties of proteins 

due to structural changes.42,274 To our knowledge, very few studies have focused on the 

extractability and functional properties of the proteins contained in the meal after an AE 

extraction. Indeed, only one study on rapeseed meal has been reported.274 The effect of 

AE extraction was studied under defined conditions (70% EtOH/ultrapure water, room 

temperature), and this produced an 11% decrease in protein extractability. Hence, the 

originality of our approach is to propose an enhanced study on the effects of AE 

extraction on the proteins of Carinata meal according to operating conditions using the 

Response Surface Methodology (RSM).  

In the context of double valorization of Carinata meal, our approach is based on 

a 2-step fractionation: an AE extraction to recover secondary metabolites followed by an 

alkaline extraction to obtain protein extracts. The first part of our approach focuses on 

optimizing the AE extraction to recover secondary metabolites from Carinata meal 

(sinapine and sinapic acid as PCs, and sinigrin as GSLs) using RSM. The effects of AE 
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extraction on protein extractability were then investigated, focusing on the protein 

concentration obtainable and the polypeptide profile of the extracts. Finally, optimizing 

the operating conditions for the AE extraction process made it possible to obtain not 

only high concentrations of PC, but also highly extractable proteins. These operating 

conditions were a compromise in order to maximize each of the three criteria. The effect 

of these conditions were evaluated with respect to the functional properties of the 

proteins extracts. 

Materials and Methods 

Chemicals  

Sinigrin hydrate and sinapic acid used as external standards were purchased 

from Sigma-Aldrich. Pure synthetic sinapine chloride was synthesized in our laboratory 

and used as standard for HPLC analyzes.100,136 The ethanol solution used for extraction 

was purchased from ThermoFisher. Formic acid and acetonitrile (both LC-MS grade) for 

HPLC analysis were purchased from ThermoFisher. MilliQ water was produced by Milli-

Q Direct 8 from Merck Millipore (Burlington, USA).  

Carinata Meal Samples and Their Characterization 

Hexane-solvent extracted Carinata meal was provided by Dr.Nicolas DiLorenzo 

(IFAS/UF). The meal was ground, passed through a 30-mesh screen (500 microns), 

and stored at -20 °C until use. The water content of the meal was determined to be 88.8 

± 0.38 mg/g of Carinata meal using a standard moisture analyzer (MB35-OHAUS™). 

Ash and protein contents were determined to be 72.0 ± 0.2 mg/g of dry matter (mg/gDM) 

and 499.1 ± 1.7 mg/gDM, respectively, using AOAC approved methods.275 Soluble 

carbohydrates corresponded to 74.7 ± 3.7 mg/gDM using the protocol described by 

Dubois et al.276 The concentration of phytic acid was 7.6 ± 0.4 mg/gDM using the 
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colorimetric method described by Reichwald and Hatzack.277 The remaining mass 

corresponds to fibers and secondary metabolites, including PCs and GSLs. These 

chemical compositions are similar to those of defatted Carinata meal reported by other 

studies.13,16 

Fractionation Process of Carinata Meal 

The fractionation process involves two successive extractions as shown in Figure 

5-1. 

Five grams of defatted B. carinata meal was extracted with 50 mL of a mixture of 

EtOH/MilliQ water for 1 h at 300 rpm. The EtOH concentration and the extraction 

temperature varied according to the design of experiments presented below. The slurry 

was centrifuged for 20 min at 4000 rpm and 25 °C (Allegra X15-R from Beckman 

Coulter). After centrifugation, the supernatant (henceforth referred as the AE extract) 

and the residual meal (pellet) were recovered. The AE extract was evaporated under 

vacuum to remove EtOH. The concentrated liquid was freeze-dried, weighed, and 

stored at room temperature. The concentrations of sinapine and sinigrin in the AE 

extracts were determined along with the nitrogen solubility and the polypeptide profile. 

The residual meal was air-dried overnight (referred as treated Carinata meal), and then 

stored at 4 °C for a maximum of 2 days prior to alkaline extraction. 

Alkaline extraction was performed by following the method of Pedroche with 

slight modifications.16 In brief, treated Carinata meal was extracted with 50 mL of 0.1 M 

KOH at 300 rpm for 30 min. The slurry was centrifuged for 20 min at 4000 rpm and 25 

°C. After centrifugation, the supernatant (protein extract) and the pellet (exhausted 

meal) were recovered. The protein extract was freeze-dried, weighed, and stored at 

room temperature. The same analysis used previously for the AE extracts was also 
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carried out on the protein extracts. The control is represented by protein extract 

obtained from the original Carinata meal by alkaline extraction (with no prior AE step). 

Determination of Phenolic Compound and Glucosinolate Concentrations 

HPLC quantification of PCs was performed as previously described100 on a 

UHPLD-DAD system (Ultimate 3000, Dionex, ThermoFisher) equipped with a quadratic 

pump, auto sampler, column furnace and diode array detector. Data were analyzed with 

Chromeleon software (Version 6.8). 

The GSL content was determined following procedure described by Grosser and 

van Dam with some modifications.230 Samples were diluted ten times prior to the 

desulfation step. One millileter of sample was loaded onto a glass pipette 

preconditioned with 0.5 mL of Sephadex A25 0.1 mg /mL in MilliQ-water. 2 × 1 mL of 

MilliQ-water was used for washing. The column was next washed with 2 × 1 mL of 

acetate buffer (40 mM, pH 5.5). Twenty microliters of cleaned-up Helix pomatia 

sulfatase solution (Sigma-Aldrich, S9626) was added onto the column following by 

flushing with 50 µL of acetate buffer. The column was incubated at room temperature 

prior to eluting with 2 × 1 mL of MilliQ-water. The eluted fraction was then analyzed by 

HPLC. 

Determination of Protein Concentration of AE Extracts 

The protein concentrations of AE extracts were calculated based on the nitrogen 

solubility according to the AOAC approved method and is shown in Equation 5-1. 275 

Nitrogen solubility (%N) of freeze-dried AE and protein extracts were determined using 

the Dumas method and performed by UMR 614 Institut National de la Recherche 

Agronomique - Université de Reims Champagne-Ardennes (INRA-URCA) as a 

commercial service.  
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C𝑝𝑟𝑜𝑡𝑒𝑖𝑛 =
%𝑁 × 6.25 × mlyoph extract

mDM

 
(5-1) 

Where %N is the nitrogen concentration of freeze-fried extracts determined by 

combustion following the Dumas method (%). mlyoph extract is the mass of freeze-dried 

supernatant (g), mDM is the mass of dry matter in Carinata meal (g).  

Analysis of Polypeptide Profile 

The polypeptide profile of AE and alkaline extracts was analyzed using 

electrophoresis. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) was carried following standard procedure under non-reducing conditions. In 

brief, around 10 mg of freeze-dried supernatant were dissolved in 1 mL of MilliQ-water, 

with vortex mixing to resuspend the solid. Fifteen microliters of this solution were mixed 

with 5 µL of 4 × Laemmli Sample Buffer (Biorad). The mixture was boiled for 15 min and 

cooled at room temperature for 30 min. Twenty microliter aliquots were then loaded 

onto the precast gradient gels (MiniProtein TGX 4-15% Strain Free, Biorad) along 

with15 µL of standard proteins (SpectraTM Multicolor Broadrange, Thermo Fisher) was 

loaded onto the gel. Separation of samples was done for 1h at 20mA per gel. 

Optimization of the AE Extraction of Secondary Metabolites 

A D-optimal design was used to optimize the operating conditions of the AE 

extraction of secondary metabolites with a total of 13 experiments including a triplicate 

at the central point (Table 5-1). The independent variables used in this optimization 

were the concentration of ethanol (%EtOH, X1) and extraction temperature (Te, X2). The 

significant contributions of %EtOH and Te to the recovery yield of secondary metabolites 

were recently reported.100,147 As a result, %EtOH and Te were varied at four different 

levels (25, 45, 70 and 90%) and three different levels (25, 50 and 75 °C), respectively. 
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The limit was set at 75 °C in order to avoid loss of solvent by evaporation. Other solid-

liquid extraction parameters including extraction time, solvent-solid ratio, extraction time 

and extracting materials particle size remain constant as these are thought to be non-

significant in the context of our study.  

Three responses were optimized: the phenolic compound concentration (Y1), the 

sinigrin concentration (Y2) and the extractability index of proteins (Y3) of the AE extracts. 

For some conditions, sinapine can be hydrolyzed to SinA. These two molecules 

correspond to the two main phenolic compounds in the Carinata meal. Thus, the PC 

measure included both the sinapine and the sinapic acid contributions. Y1 is expressed 

according to the dry matter and calculated as shown in Equation 5-2: 

𝑌1 =
(Csinapine + Csinapic acid) × (mextract × 𝑑)

mDM

 
(5-2) 

Where Csinapine is the concentration of sinapine in AE extract (in mg/mL), Csinapic acid the 

concentration of sinapic acid in AE extract (in mg/mL), mextract the mass of extract (in g), 

d the volumetric mass density (g/mL), mDM the mass of dry matter in Carinata meal. 

The GSL concentration of AE extracts (Y2) is expressed according to the dry 

matter and calculated as shown in Equation 5-3: 

𝑌2 =
CGSL × (mextract × d)

mDM

 
(5-3) 

Where CGSL is the concentration of GSL (as sinigrin) in AE extract (µmol/mL), mextract is 

the mass of the extract (g), d is the volumetric mass density (g/mL) and mDM the mass 

of dry matter in Carinata meal. 

The impact of AE extraction on proteins mainly concerns their extractability (Y3) 

in this optimization study. The protein concentration of the different extracts was 
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calculated according to Equation 5-1. By taking the protein concentration of the control 

(alkaline extracts from untreated Carinata meal) as the maximum concentration that can 

be extracted, we can define an index of extractability as described in Equation 5-4. 

𝑌3 =
Cprotein × mextract

Cprotein control × mcontrol

× 100% 
(5-4) 

Where Cprotein is the protein concentration of alkaline extract from residual meal upon 

AE extraction (mg/gDM), mextract is the mass of the extract (g), Cprotein control is the 

protein concentration of the alkaline extract from the control Carinata meal (mg/gDM) 

and mDM the mass of the control Carinata meal (g). 

The experimental data were fitted using a second-order polynomial equation 

(Equation 5-5): 

𝑌𝑞 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖

2

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑋𝑖
2

2

𝑖=1

+ ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗

2

𝑖<𝑗=1

+ 𝜀𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 𝑞 
(5-5) 

Yq: the different responses (q = 1 - 3); β0, βi, βij, βii: regression coefficients for the mean, 

linear, interaction, and quadratic terms, respectively; Xi and Xj: independent variables. 

εresidues q: the differences between the observed and the predicted values. 

Experimental design and analysis were performed using the software MODDE 

v.12.0 (Umetrics AB, Sweden). An analysis of variance (ANOVA) with 95% confidence 

level was carried out for each response in order to test the model significance and 

adequacy. Effect plots presented the effect of each factor studied.  

Determination of Optimal Operating Conditions 

A software optimizer tool based on the Nelder-Mead simplex method was used to 

optimize recovery of secondary metabolites. On the other hand, the operating 
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conditions leading to a good compromise between the recovery of secondary 

metabolites and the protein extractability were estimated manually using Microsoft Excel 

(Version 16.43). Indeed, the Y1, Y2, and Y3 responses varied antagonistically, and the 

MODDE optimizer tool was defeated. We have plotted graphs where Y1, Y2, and Y3 

values were calculated using prediction models according to the %EtOH and a fixed 

extraction temperature. Thus, six graphs were plotted for extraction temperatures 

ranging from 25 to 50°C in steps of 5. Te was limited at 50 °C to avoid the dissociation of 

certain proteins such as cruciferin. The optimum zone, corresponding to the meeting 

points of the 3 models, was determined for each graph. The operating conditions 

corresponding to the compromise result from the fusion of all these optimum zones.  

Functional Properties 

Preparation of acid-precipitated isoelectric protein isolates 

The protocol of Aluko and McIntosh was used to produce acid-precipitated 

isoelectric protein isolate for functional property analyses.278 In brief, Carinata meal was 

extracted with 10 volumes of 0.1 M NaOH for 30 min at 300 rpm and room temperature. 

The slurry was then centrifuged for 20 min at 4000 rpm and 25 °C. The supernatant was 

then separated from the residue, then gradually adjusted to pH 4 using 1 M HCl. The 

precipitate was then recovered by centrifugation, washed twice with 10 volumes of 

MilliQ-water. The washed precipitate was next freeze-dried, weighed and stored at -20 

°C until further analyses. 

Emulsifying activity index 

The emulsifying activity index (EAI) was determined following the protocol 

described by Aluko and McIntosh.278 Protein solutions (1% w/v) were prepared in 0.01 

M phosphate buffer (pH 7.0), and 5 mL was added to 1 mL of pure commercial canola 
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oil. The protein solution and oil phase were homogenized at 16000 rpm for 1 min using 

a T25 digital Ultra-Turrax (IKA-Works, Inc., Cincinnati, OH). Ten microliters of the 

emulsion were immediately diluted to 5 mL with 0.1% (w/v) SDS solution (0.1 g/ 100 

mL), and the absorbance at 500 nm was measured using the 0.1% SDS solution as a 

blank. The EAI (m2.g−1) was calculated as described in Equation 5-6 according to the 

Pearce and Kinsella method.279 The emulsions were allowed to stand at room 

temperature for 30 min, and the EAI was determined and expressed as a percentage of 

the initial EAI to obtain emulsion stability (ES). 

EAI =
2 × 2.303 × A × N

C × 𝜑 × 10000
 

(5-6) 

Where A is the absorbance recorded at 500 nm, N is the dilution factor (×500), C the 

protein concentration before the formation of the emulsion (g/mL) and 𝜑, the volume 

fraction of the oil (mL). 

Foam expansion (FE) and foam stability (FS) 

FE was determined according to the protocol described by Aluko and McItosh.278 

Ten milliliters of protein solution (1% w/v) prepared in 0.01 M sodium phosphate buffer 

(pH 7.0) were homogenized at 16000 rpm for 30s. The volume of foam obtained was 

expressed as a percentage of the initial volume of protein solution. FS was determined 

by measuring the volume of foam that remained after standing at room temperature for 

30 min and then expressed as a percentage of the initial foam volume.  

Statistical Analysis 

Each analysis was done in duplicate. Results correspond to the mean associated 

to its standard deviation. Student’s t-test, ANOVA, and post-hoc analysis using Tukey’s 

test were carried out using RStudio (Version 3.6.1).  
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Results and Discussion 

In a successful double valorization of Carinata meal, the extraction of secondary 

metabolites, carried out in the first step, must have a slight impact on the extractability 

and functional properties of the proteins obtained in the second extraction. In order to 

verify this impact, the extraction process of PC and GSL was optimized and the impact 

on proteins then studied. 

Optimization of Aqueous Ethanol Extraction Using Response Surface 
Methodology 

A D-optimal design was used to optimize the operating conditions for the AE 

extraction from Carinata defatted meal based on the secondary metabolite 

concentrations. Two independent variables %EtOH with four levels (25, 45, 70 and 

90%) and Te with three levels (25, 50 and 75 °C) were selected as factors. The 

responses upon optimization were Y1 the PC concentrations, Y2 the GSL concentration 

and Y3, the extractability index of proteins.  

Model adequacy 

The D-optimal design constituted 13 extractions and multiple regression using 

polynomial second order were obtained for the responses. Analysis of variance 

(ANOVA) was conducted to determine the regression coefficients of each model. Table 

5-2 summarizes the statistical parameters obtained in this study. 

Coefficients were considered as significant for p < 0.05. Non-significant 

coefficients were removed to obtain reduced models. The coefficients of determination 

of the three prediction models indicated good model accuracy (R2 > 0.8). The adjusted 

determination coefficients furthermore confirmed the adequacy of our established 

models (R2 adjusted > 0.75). The orthogonality of all models was determined to be 
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good, as the condition numbers were inferior to 10. With good reproducibility values (> 

0.8), the relationships between the variables and the responses were well described by 

these models. 

Phenolic compound concentration in aqueous ethanol extracts (Y1) 

The concentration of phenolic compounds includes the concentration of PCs as 

described in Equation 5-2. Variations of 𝑌1 were found among the experiments of the D-

optimal design and ranged from 7.26 to 11.33 mg/gDM.  

The model predicting the phenolic compound concentration with unscaled 

coefficients is shown in Equation 5-7. 

Log(𝑌1) = 0.6028 + 0.0090 %𝑬𝒕𝑶𝑯 + 0.0069 𝑻𝒆

− (6.3289 × 10−5) %𝑬𝒕𝑶𝑯𝟐

− (4.0226 × 10−5) 𝑻𝒆
𝟐

− (4.3260 × 10−5) %𝑬𝒕𝑶𝑯 𝑻𝒆 

(5-7) 

The most significant terms in the model equation are the quadratic term for the 

ethanol concentration (%EtOH*%EtOH) and the interaction between the ethanol 

concentration and temperature (%EtOH*Te), which have a negative impact on the 

recovery of phenolic compounds (Table 5-2). These results are consistent with other 

studies. 100,146 Reungoat et al. showed that %EtOH*%EtOH leads to a negative effect on 

AE extraction of sinapine from mustard bran (-3 mg/g DM).100 In contrast to other 

studies100,146, the quadratic term for Te in this study is not significant. The use of different 

types of biomasses for the AE extraction was suggested to account for the difference 

observed. The effect of the linear term, Te, on the other hand, is in agreement with the 

other studies. 
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The prediction model enabled us to determine that the highest concentration of 

phenolic compounds (over 10.2 mg/gDM) is reached for a %EtOH varying from 40 to 70 

%. In contrast, the recovery deteriorates for an extraction carried out with a %EtOH less 

than 40 % or greater 70%. A decrease of 1 mg/gDM in phenolic compounds was noticed 

at these concentrations, as depicted in Figure 5-2. 

Glucosinolate concentration in aqueous ethanol extracts (Y2) 

The concentration of sinigrin in the AE extract was a determinant factor for the 

outcome of the optimization. The model predicting the GSL concentration with unscaled 

coefficients is shown in Equation 5-8. 

𝐿𝑜𝑔(𝑌2) = 1.7708 + 0.0073 %𝑬𝒕𝑶𝑯 + 0.0028 𝑻𝒆

− (1.1128 × 10−4) %𝑬𝒕𝑶𝑯𝟐

− (3.2136 × 10−5) 𝑻𝒆
𝟐

− (2.6154 × 10−5) 𝑬𝒕𝑶𝑯 𝑻𝒆 

(5-8) 

The quadratic term of ethanol concentration (%EtOH*%EtOH) had a negative 

effect on sinigrin recovery, whereas other parameters related to Te did not significantly 

contribute to the recovery of this metabolite. 

The GSL concentration followed the same trend as Y1. Increasing Te from 25 to 

50 °C enhanced the recovery of sinigrin, increasing its concentration from 88 to 93 

µmol/gDM as depicted in Figure 5-2. These results were expected due to the use of a 

conventional sinigrin recovery process. Indeed, the latter being very hydrophilic 

because of the ionized sulfate and hydrophilic thioglucose moieties, a solid-liquid 

extraction with an alcohol/water mixture is adequate.163,230 However, the GSL 

concentration appeared to be more sensitive to the change in %EtOH than the PC 
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concentration, with more than half the amount of GSL was reduced by increasing the 

%EtOH from 40% to 90%. The highly hydrophilic nature of GSL is responsible for this 

reduction of concentration in AE extracts.  

Determination of the optimal conditions of aqueous ethanol extraction and 
validation of the prediction models  

These results suggested that by AE extraction, PC and GSL can be 

simultaneously and optimally recovered from defatted Carinata meal. The optimal 

conditions, suggested by the MODDE software basing on the previously established 

models, were %EtOH = 47 % and Te = 62 °C. Under these conditions, concentrations of 

PC and GSL were determined to be 11.74 ± 1.26 mg/gDM and 103.61 ± 16.2 µmol/gDM 

µmol/gDM, respectively. These values are not statistically different from the observed 

values (10.87 ± 0.54 mg/gDM and 98.96 ± 4.9 for the PC and GSL, respectively). Thus, 

the models developed to predict Y1 and Y2 can be considered valid. 

Effects of Optimal Aqueous Ethanol Extraction on Carinata Proteins 

Extractability of proteins resided in Carinata treated meal (Y3) 

Considering the characteristics of the proteins, their extractability can be 

influenced by the processes involved upstream from their extraction.148 Thus, the effect 

of the AE extraction process of secondary metabolites on the extractability of proteins 

(Y3) was studied and quantified using RSM. The model predicting the extractability 

index with unscaled coefficients is shown in Equation 5-9. 

−𝐿𝑜𝑔(100 − 𝑌3)  

= −1.5924 − 0.0053 %𝑬𝒕𝑶𝑯 + 0.0042 𝑻𝒆

− (1.0742 × 10−4)%𝑬𝒕𝑶𝑯𝟐

− (1.3123 × 10−4) %𝑬𝒕𝑶𝑯 𝑻𝒆 

(5-9) 
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The quadratic term of ethanol concentration (%EtOH*%EtOH) had a positive 

effect on the protein extractability, whereas other parameters showed negative effects. 

Optimal zones to obtain a high extractability index of proteins are shown in Figure 5-3. 

The prior AE extraction of the secondary metabolites decreased the extractability 

of proteins during the alkaline extraction, regardless of the operating conditions. The 

prediction model suggested that the AE extraction of secondary metabolites performed 

with a high %EtOH (> 80%) at low Te (< 35 °C) allowed retaining a high extractability of 

the proteins (%). In order to better understand these results, the polypeptide profile of 

alkaline extracts was studied by SDS-PAGE analysis under non-reducing conditions 

(Figure 5-4). The main Carinata proteins included albumin (napin), and globulin 

(cruciferin), which are attributed to the bands at 15 kDa and 50 kDa, respectively.18 The 

bands at 30 kDa correspond to free polypeptide chains dissociated from cruciferin. 

Effects of optimal aqueous ethanol extraction on Carinata protein profile 

The most important difference between the profiles of alkaline extracts obtained 

during the experimental design and the control was the change of the 50 kDa bands 

(cruciferins). At an extraction temperature of 75 °C, loss of these bands was observed 

(lanes 6, 12 and 13, Figure 5-4). Hence, cruciferin was either completely removed 

during the recovery of secondary metabolites or was dissociated when exposed to high 

temperatures during the EA extraction process.96 

The optimum conditions for the AE extraction process, suggested by the MODDE 

software based on Equation 5-9, were %EtOH = 90% and Te = 25 °C. Under these 

conditions, the EI of proteins during alkaline extraction was the highest and reached 76 

± 3.8%. No significant difference was found between the values predicted and observed 

(78.8 ± 0.7%.). Thus, the model predicting the EI of proteins is validated. 
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Unfortunately, these conditions were antagonistic for the recovery of secondary 

metabolites. Reaching a compromise leading to a high recovery of secondary 

metabolites while maintaining high protein EI is therefore discussed in the next section. 

Determination of Operating Conditions for the Optimization of Y1, Y2 and Y3 

A 3D graph representing the responses (Y1, Y2 and Y3) as a function of %EtOH 

and Te was drawn in order to visualize the areas for which the recovery of secondary 

metabolites was maximal with minimal loss of protein extractability (Figure 5-5). The 

prediction model indicated a decline of protein extractability (Y3) when a moderate 

%EtOH (40-60%) and moderate Te (30-50 °C) were employed. This was due to the high 

recovery rate of proteins along with secondary metabolites during the AE step, which 

resulted in lower protein availability in the treated meal upon these operating conditions. 

The SDS-PAGE profile of AE extracts indeed supported this explanation (Figure B-6). 

From the response surface plot generated by the experimental design software, it 

was difficult to define the precise operating conditions that would enable the best 

compromise between the three responses. This was due to complex antagonistic 

effects between the recovery of secondary metabolites and the protein extractability, as 

depicted in (a), Figure 5-5. However, a more precise evaluation could be done by 

working from 2D graphs. Consequently, the graphs representing the three responses 

according to the %EtOH varying from 20 to 90 % were plotted with fixed values of Te. All 

graphs are available in Figure B-1. Figure 5-5b presents the evolution of Y1, Y2 and Y3, 

for Te = 50°C and %EtOH that ranged between 20 and 90%. For instance, optimal 

conditions for AE extraction were determined to use 20% EtOH. The responses under 
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these conditions were then calculated at different Te ranged from 25 to 50 °C and 

reported in Table 5-3.  

The optimal %EtOH and Te determined on each graph were as expected ranging 

from 21% to 29% and from 25 to 50 °C, respectively. No significant differences were 

noticed for Y2. However, for Y1 and Y3, the highest values were reached at 50 °C. 

Therefore, the operating conditions to simultaneously reach optimal values of the three 

responses were proposed (%EtOH = 21% and Te = 50 °C). Extractions under these 

conditions were thus carried out to confirm our prediction and the results were as 

follows: Y1 = 9.12 ± 0.05 (mg/gDM), Y2 = 86.54 ± 3.18 (µmol/gDM), Y3 = 59.8.X ± 2.1%. 

These results showed there was no significant differences between the predicted and 

observed values and hence validating our prediction model 

Effect of the New Operating Conditions on Functional Properties of Carinata 
Proteins upon Aqueous Ethanol Extraction 

Functional properties such as the foaming and emulsifying capacities of Brassica 

proteins are of great interest45,54 and directly depend on their 3D structures.18 According 

to the literature, these functional properties can be considered as significant indicators 

to determine the effect of AE extraction on proteins. The emulsifying activity index (EAI), 

emulsifying stability (ES), foaming activity (FA), and foaming stability (FS) of protein 

isolates from original meal and treated meal upon the selected extraction conditions 

previously (21% EtOH at 50 °C) are shown in Table 5-4. 

EAI and FS values of protein isolates from both original and treated Carinata 

meal were not significantly different, according to the Student’s t-test. Although the ES 

of original meal was significantly higher than that of the treated meal, this loss remained 

low considering the value of ES. Our results were consistent with the functional 
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properties of Carinata protein isolate pH 12 reported Pedroche et al.16 The ES value, on 

the other hand, corresponded to that of a protein isolate prepared at pH 10 reported by 

other authors. These differences might be due to the difference between the analytical 

methods employed. 

 The FA of treated meal was higher than that of original meal, whereas the FS of 

both protein isolates were similar, which are also comparable to protein isolate from 

defatted canola meal.54 These results suggested that the removal of secondary 

metabolites had modified the composition and, eventually the structure of proteins, 

which led to higher foaming capacity of protein isolate from treated meal. 

Taken together; these results revealed that the functional properties of treated 

meal upon AE extraction of Carinata meal with 21% EtOH at 50 °C showed improved 

foaming activity while preserving other functional properties of protein isolates. 

Conclusion 

Optimization of AE extraction resulted in validated models based on selected 

factors and responses. These models predicted that extraction with low %EtOH at 

moderate Te compromised the best balance between the efficiency of metabolites 

recovery from Carinata meal and the protein extractability of treated meals upon AE 

extraction, while preserving the functional properties of protein isolates. Although 

metabolites recovered from Carinata meal have not been individually separated in this 

study, preparative chromatography can be employed for this purpose.272,273 Future work 

will, therefore, address the individual isolation of these bioactive molecules from AE 

extracts. Moreover, further study on Carinata proteins is ongoing in order to elucidate 

the structural changes caused by AE extraction. 
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Table 5-1.D-optimal experimental design. 

Experiments %EtOH (%) X1 Te (°C) X2 

0 0 25 

1 70 50 

2 20 25 

3 70 50 

4 20 50 

5 45 50 

6 20 75 

7 70 25 

8 70 50 

9 90 25 

10 20 25 

11 90 50 

12 45 75 

13 70 75 

 

 
 

Figure 5-1. Fractionation of Carinata meal.  
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Table 5-2. Model equation coefficients and statistical parameters. 
Factors Coefficient values 

PC 
concentration Y1 

GSL 
concentration Y2 

Extractability Index 
Y3 

Constant 1.0333 1.9744 -1.7016 
%EtOH 0.0028NS -0.0864 -0.0080 NS 
Te 0.0144NS 0.0221NS -0.0529 
%EtOH*%EtOH -0.0457 -0.0847 0.0818 
Te*Te -0.0145NS -0.0126NS  
%EtOH* Te -0.0220NS 0.0143NS -0.0717 

 

R2 0.869 0.929 0.849 

R2 adjusted 0.775 0.870 0.763 
Regression (p-value) 5.413E-3 2.1682E-3 5.2646E-3 
Lack of fit 0.324 0.708 0.273 
Reproducibility 0.847 0.820 0.900 
Condition number 4.654 4.683 3.605 

NS: non-significant  

 
(a) 

 

(b) 

 

 
Figure 5-2. Contour plots for the prediction of phenolic compounds (mg/gDM) (a) and 

glucosinolate concentrations (b) (µmol/gDM). The crosses indicate data points 
that were fitted for plot building. 
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Table 5-3. Values of PC and GSL concentrations (Y1 and Y2) and EI (Y3) associated to 
each % EtOH optimum according to Te. 

Te  

(°C) 

Optimal  

%EtOH 

Y1 (mg/gDM) Y2 (µmol/gDM) Y3 (%) 

25 29% 8.47b ± 0.08 90.83 ± 0.90 55.85c ± 0.56 

30 27% 8.65b ± 0.08 91.96 ± 0.92 56.70b,c ± 0.57 

35 25% 8.80a,b ± 0.09 92.46 ± 0.92 57.88b,c ± 0.58 

40 24% 8.92a,b ± 0.09 92.98 ± 0.93 58.83a,b,c ± 0.59 

45 23% 9.18a ± 0.09 93.05 ± 0.93 59.90a,b ± 0.60 

50 21% 9.24a ± 0.09 91.87 ± 0.93 61.73a ± 0.61 

Letters associated to the means correspond to equivalent values according to the Tukey’s 
test. 
 

 
 

Figure 5-3.Contour plot for the prediction of extractability index (%) of proteins. Dashed 
black triangle indicates optimal zone of protein extractability index. 
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Table 5-4. Protein concentration and functional properties of Carinata protein isolates of 
original and treated meal. 

Type of meal EAI (m2.g−1) ES (%) FA (%) FS (%) 

Original meal 10.7 ± 1.4 63.5 ± 0.2 123.8 ± 1.8 94.9 ± 1.5 

Treated meal 10.0 ± 0.6 61.4 ± 1.1 147.3 ± 3.2 94.2 ±1.6 

Student’s test  

(p-value) 

0.5706 0.035 4.07E-12 0.4665 

 

 
 

Figure 5-4. Polypeptide profiles of alkaline extracts from residual Carinata meal upon 
aqueous ethanol extraction. The numbers below indicate the experiments of 
the D-optimal design described Table 5-1.  
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(a) 

 

 

(b) 

 

 
Figure 5-5. (a) Response surface plot of three main factors (PC concentration, GSL 

concentration, and EI) to reach the compromise between the recovery of 
secondary metabolites and protein extractability upon AE treatment. The 
response values were scaled where the minima and the maxima were set at 0 
and 100%, respectively; (b) Plotting chart to determine the desired 
compromise at 50 °C. The X axis was limited to 50% to visualize the reached 
compromise between selected responses. 
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CHAPTER 6 
SYNTHESIS OF RENEWABLE HIGH VALUE-ADDED BUILDING BLOCK FROM 

SINAPIC ACIDa 

Introduction 

p-Hydroxycinnamic acids represent one of the most widely distributed chemicals 

in the plant kingdom, along with other phenylpropanoids such as flavonoids, stilbenes, 

and lignans. SinA and its analogues are among the most important p-hydroxycinnamic 

acids present in B. carinata meal. 6-Hydroxy-5,7-dimethoxy-2-naphtoic acid (DMNA) 

was first assumed to be a natural product in the alkaline extract of the heartwood of 

Ulmus thomasii Sarg;280 however, the natural origin of this compound is questionable 

according to Charlton and Lee, who suggested that DMNA was actually an oxidized 

product of SinA under strong alkaline conditions.281 The structure of DMNA (Figure 6-1) 

is similar to that of 6-hydroxy-2-nathoic acid, which is derived from petroleum resource 

and is commonly used to produce high value-added polymer (e.g., Vectra®).282–284 This 

structural resemblance suggests that DMNA could be further valorized as a potential 

renewable building block for biobased material. Further therapeutic applications of this 

renewable chemical can also be suggested with regards to biological properties of 

several analogues of this latter.285,286  

Synthetic approaches have been sought in order to deliver DMNA on a decent 

scale for further valorization of this renewable building block. It is known that DMNA is 

the product of secondary oxidation of thomasidioic acid (ThoA) which is formed via a β-

β dimerization of SinA287,288, a naturally occurring phenylpropanoid (Figure 6-1).29 In 

 
a Nota bene: the original idea described in this chapter was proposed by V.P.Thinh Nguyen; nevertheless, 
due to a bike accident which led to 5-month absence of V.P.Thinh Nguyen, a portion of the experimental 
material presented in this chapter was carried out by Nour Zaiter who was supervised by Dr. Amandine 
Flourat and Dr. Sami Fadlallah at URD ABI AgroParisTech (France).  
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order to favor the formation of DMNA, the β-β dimerization pathway should be favored 

over other dimerization possibilities for SinA.93,288 Rubino et al. have shown that adding 

FeCl3 favors the β-β oxidative dimerization of sinapic acid to afford ThoA.289,290 The 

latter subsequently undergoes a secondary oxidation under strongly alkaline conditions 

to yield DMNA.287 A more direct approach to synthesize DMNA from SinA was 

described by Lee.287 Although multiple studies have employed this protocol to obtain 

DMNA on milligram scales291,292, a preparative scale synthesis via this approach 

remains unachievable. We believe that the utilization of a large amount of solvent (20 

mL of 0.1M KOH for 0.263 mmoles of SinA) disfavors the scale-up feasibility of this 

method. Moreover, multiple undesired polymerization might also occur under these 

conditions.292 Therefore, further improvement should be established in order to reduce 

the amount of solvent, as well as favoring the desired β-β dimerization of SinA to 

efficiently afford desired DMNA. A synthetic approach to obtain DMNA was devised by 

Fuganti and Serra from syringaldehyde, a p-hydroxybenzaldehyde obtained from the 

oxidation of hard-wood lignins.293 Unfortunately, this method employs a multi-step route 

using hazardous reagents such as ethyl chloroformate. In order to fully valorize DMNA, 

a preparative synthesis of this latter should be established, ideally avoiding hazardous 

reagents to reduce the environmental impacts of the synthesis process. Keeping this in 

mind, we herein propose a straightforward and accessible method to obtain DMNA from 

SinA. 

Our first approach is to employ an oxidizing agent, FeCl3, in order to favor the 

formation of dehydrosinapic acid intermediate (Figure 6-2) prior to its oxidation to DMNA 

under alkaline conditions. Moreover, favoring the formation of ThoA by adding an 
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oxidizing agent will also reduce the amount of solvent in the synthesis of DMNA, which 

appears to be an advantage over to the protocols reported in previous studies.287,291,292 

In addition, a laccase-mediated transformation of SinA is proposed to afford bislactone 

intermediate (Structure shown in Figure 6-1) based on previous work reported in the 

literature.93,294 This latter is believed to yield desired DMNA under alkaline conditions.287  

Compared to earlier synthetic strategies293, our approaches avoid the use of 

hazardous reagents while reducing the number of synthetic steps. Although proof-of-

concept has relied on commercially-obtained syringaldehyde, the SinA used in this 

study can eventually be replaced by that isolated from plant-based products.100,147 

Taken together, this method exhibits plausible advantage as a straightforward and 

accessible synthetic pathway to obtain a new renewable building block (i.e., DMNA) for 

biobased chemicals and materials. 

Materials and Methods 

Materials  

Chemicals were purchased from Sigma-Aldrich. NMR solvents including 

deuterated acetone and deuterated dimethyl sulfoxide were purchased from Cambridge 

Isotope Laboratories.  

Characterization 

1H NMR spectra of samples were recorded at 300 MHz (DMSO-d6 and Acetone-

d6 residual signal at 2.50 and 2.05 ppm, respectively). 13C NMR spectra of samples 

were recorded at 300 MHz (DMSO-d6 and Acetone- d6 residual signal at 39.5 and 29.8, 

respectively). Chemical shifts are reported in parts per million (ppm). Multiplicities are 

reported using the following abbreviations: s, singlet; d, doublet. 
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Synthesis of sinapic acid 

Sinapic acid was obtained following the protocol described by Horbury et al with 

some modification.131 In brief, 25 g of syringaldehyde (137.5 mmol) was dissolved in 35 

mL of  piperidine. 21.5 g of malonic acid (206 mmol) and aniline (1.25 mL, 13.8 mmol) 

were added, and the mixture was stirred overnight at 60 °C. The mixture was cooled to 

room temperature and then poured into 500 mL of ice-cold deionized water. The mixture 

was rigorously stirred and adjusted to pH 2 with 3M HCl. The precipitate was recovered 

by gravity filtration, washed several times until the effluent reached neutral pH. The 

precipitate was dried under vacuum overnight to afford a light yellow solid (22 g, 71%). 

The final product was sufficiently pure for use directly in the next step. 1H NMR 

(Acetone-d6) δH (ppm) 3.93 (s, 6H), 6.38-6.47 (d, J = 15.9 Hz ,1H), 7.02 (s, 2H), 7.52-

7.61 (d, J = 15.6 Hz, 1H). 13C NMR (Acetone-d6) δC (ppm) 56.7 (2CH3), 106.8 (CH), 

116.3 (CH), 126.3 (C), 139.4 (C), 146.3 (C), 148.9 (C), 168.1 (CO).  

Synthesis of thomasidoic acid 

One gram of SinA (4 mmol) was stirred overnight in Tris-buffer pH 9 at 37 °C. 

The solution became dark brown. The solution was adjusted to pH 2 with 3 M HCl and 

extracted with 3 × 50 mL AcOEt. The organic layers were combined, washed twice with 

50 mL brine solution, dried with anhydrous MgSO4, and evaporated under vacuum to 

afford a brown residue. Chromatography of the residue on silica gel with 30/70 

AcOEt/Cyclohexane gave a white solid (0.133 g, 0.3 mmol, 15%). 1H NMR (DMSO-d6) 

δH 3.48 (s, 3H), 3.60 (s, 6H), 3.75 (s, H), 3.82 (s, 3H), 4.81 (s, H). 6.20 (s, 2H), 6.99 (s, 

1H), 7.55 (s, 1H), 8.22 (s, 1H), 9.18 (s, 1H), 12.39 (s, 1H).13C NMR (Acetone-d6) δC 53.2 

(3CH3), 62.51 (CH3), 105.8 (CH), 109.23 (CH), 123.5 (CH), 124.2 (C), 134.0 (C), 135.21 

(CH), 142.3 (C), 146.3 (C), 148.5 (C), 174.0 (CO). 
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Synthesis of 6-hydroxy-5,7-dimethoxy-2-naphthoic acid from Sinapic Acid via 
FeCl3-mediated dimerization 

The synthesis of DMNA was performed following the protocol described by Lee 

with some modification.287 In brief, 1 g of SinA (4 mmol) and different amount of FeCl3  

were stirred in 5 mL EtOH for 30 min at room temperature.  Forty-five milliliters of 

deionized water were added. The solution immediately became pink. The mixture was 

vigorously stirred for 5 h at room temperature. The mixture was adjusted to pH 12 using 

3M NaOH and stirred overnight at 60 °C. The solution then became dark brown. The 

solution was adjusted to pH 2 with 3 M HCl and extracted with 3 × 50 mL AcOEt. The 

organic layers were combined, washed twice with 50 mL brine solution, dried with 

anhydrous MgSO4 and evaporated under vacuum to afford a brown residue. 

Chromatography of the on silica gel with 30/70 AcOEt/Cyclohexane gave a light yellow 

solid (0.165 g, 0.6 mmol, 30%). 1H NMR (Acetone-d6) δH 3.99 (s, 6H), 7.31 (s, H), 7.90-

7.93 (d, J = 10.4 Hz H), 8.00-8.03 (d, J = 8.8 Hz, H), 8.49 (s, H). 13C NMR (Acetone-d6) 

δC 56.4 (CH3), 60.8 (CH3), 104.0 (CH), 121.5 (CH), 124.1 (CH), 126.5 (C), 127.2 (C), 

128.2 (C), 130.5 (CH), 141.0 (C), 141.2 (C), 150.8 (C), 167.7 (CO). 

Synthesis of 6-hydroxy-5,7-dimethoxy-2-naphthoic acid from Sinapic Acid via 
Bislactone intermediate dimerization 

Synthesis of Bislactone Intermediate  

One gram of SinA (4.46 mmol) was dissolved in acetone nitrile (ACN) (12%, 3.7 

mL). Forty-one milliliters of McIlvaine buffer (Na2HPO4/Citric acid) and laccase (6.6 mg, 

21 U.mmol-1) were added. The solution immediately became pink after the addition of 

the enzyme. The whole mixture was vigorously stirred for 1.5 h at room temperature. 

The mixture was then extracted twice with 50 mL of ethyl acetate. The organic layers 

were combined, washed twice with 50 mL brine solution, dried with anhydrous MgSO4 
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and evaporated under vacuum to afford a pink solid (0.9 g, 1.9 mmol, 85% yield). No 

further purification was required according to the NMR results. 1H NMR (Acetone-d6) δH 

3.84 (s, 12H), 4.13 (s, 1H), 5.76 (s, 2H), 6.74 (s, 4H), 7.52 (s, 2H). 13C NMR (Acetone-

d6) δC  48.2 (2CH), 55.8 (4CH3), 82.5 (2CH), 104.3 (4CH), 128.9 (2C), 136.5(2C), 

148.13 (4C), 175.2 (CO). 

Synthesis of 6-hydroxy-5,7-dimethoxy-2-naphthoic acid from bislactone 
intermediate 

One gram of bislactone (2.1 mmol) was dissolved in ACN/NaOH (1 M) mixture 

(1:1) (12%, 3.7 mL) and the whole mixture was vigorously stirred overnight at room 

temperature. The initial solution pink became dark brown after one night. The mixture 

was then extracted twice with 50 mL of ethyl acetate. The organic layers were 

combined, washed twice with 50 mL brine solution, dried with anhydrous MgSO4 and 

evaporated under vacuum to afford a light yellow solid (0.47 g, mmol, 90%). No further 

purification was required according to the NMR results. 1H NMR (Acetone-d6) δH 3.84 

(s, 7H), 4.13 (s, 2H), 5.76 (s, 2H), 6.74 (s, 4H), 7.52 (s, 2H). 13C NMR (Acetone-d6) δC 

56.4 (CH3), 60.8 (CH3), 104.0 (CH), 121.5 (CH), 124.1 (CH), 126.5 (C), 127.2 (C), 128.2 

(C), 130.5 (CH), 141.0 (C), 141.2 (C), 150.8 (C), 167.7 (CO). 

Synthesis of Ethyl-6-hydroxy-5,7-dimethoxy-2-napthoate 

DMNA (100 mg, 0.4 mmol) was stirred in 100 mL EtOH for 30 min at 4 °C. Five 

drops of concentrated sulfuric acid were added and the whole mixture was then stirred 

for 3 days at reflux. The reaction was stopped by evaporating the mixture to dryness 

under vacuum. Fifty milliliters of saturated sodium bicarbonate solution were added to 

the residue. The aqueous solution was extracted twice with 50 mL of ethyl acetate. The 

organic layers were combined, washed twice with 50 mL brine solution, dried with 
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anhydrous MgSO4 and evaporated under vacuum to afford a light yellow solid (67 mg, 

0.24 mmol, 60% yield). No further purification was required according to the NMR 

results. 1H NMR (Acetone-d6) δH 1.29 (s, 2H), 4.0 (s, 6H), 7.33 (s, 1H), 7.90-7.91 (d, J = 

8.7 Hz, 1H), 8.00-8.02 (d, J = 8.8 Hz, 1H), 8.49 (s, 1H). 13C NMR (Acetone-d6) δC 27.0 

(CH2), 55.9 (CH3), 60.4 (CH3), 103.6 (CH), 121.0 (CH), 123.7 (CH), 126.1 (C), 127.3 

(C), 127.7 (C), 130.1 (CH), 140.6 (C), 140.7 (C), 150.3 (C), 167.5 (CO). 

Results and Discussion 

The first step of this work consisted in the SinA synthesis using our in-house 

optimized Knoevenagel-Doebner condensation of syringaldehyde and malonic acid.131 

This approach allowed to avoid extended purification, as only a simple washing with 

acid solution was required to afford pure SinA. By employing this route, we have 

successfully obtained SinA with quantitative conversion yield from syringaldehyde on a 

multigram-scale.  

Lee has shown that DMNA can be obtained via a direct oxidation of SinA under 

alkaline conditions on milligram scale.287 We therefore attempted to convert SinA into 

DMNA following these conditions (Table 6-1). Unfortunately, in our hands, oxidation 

under alkaline conditions only resulted in uncomplete conversion of SinA on gram scale. 

Another approach was therefore required in order to obtain DMNA. 

Rubino et al. reported the conversion of SinA into ThoA using FeCl3 as oxidizing 

agent with moderate yields. 289 ThoA can be converted to DMNA through 

decarboxylation.287 We thus devised an one pot approach to obtain DMNA via the 

FeCl3-mediated dimerization of SinA (Table 6-2). We have successfully optimized this 

conversion, with only 0.5 equiv of FeCl3 required to yield a complete conversion of SinA. 

Unfortunately, all attempts to conduct this reaction on larger scales (over 1 g of SinA) 
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led to significant decreases in overall yield. In addition, the isolation of DMNA and ThoA 

required an extensive and tedious purification on silica gel (cyclohexane-ethyl acetate 

as eluant) and the isolated yield remained low (<40%). We therefore decided to devise 

another approach to obtain DMNA from SinA on a larger scale. 

Laccase has been used to catalyze the transformation of SinA to a bislactone 

intermediate294, which can be subsequently oxidized under alkaline conditions to obtain 

DMNA (Figure 6-3).287 Nevertheless, the operating conditions appears to be 

unfavorable from both an economic and green chemistry standpoint, requiring highly 

diluted media (0.45 mol.L-1) and excessive amounts of enzyme (> 300 U.mmol-1).294 

We therefore improved this protocol to address both of these problems. Our revised 

conditions successfully provided the bis-lactone intermediate and these results 

encouraged us to optimize this step further to achieve complete conversion of SinA to 

the bislactone intermediate (Table 6-3). We observed that longer reaction times result in 

oligomerization of the desired bislactone, thereby decreasing the yield in SinA. On the 

other hand, insufficient amounts of enzyme resulted in incomplete conversion of SinA, 

which complicated the downstream purification of DMNA. Our results showed that, 

when a proper balance between reaction time (1.5 h) and enzyme amount (21 U.mmol-

1) was reached, a quantitative amount of bislactone was obtained without further 

purification, with 90% of SinA converted to desired intermediate. We also observed that 

the addition of acetonitrile into the laccase buffer improved the reaction while providing 

a more pure bislactone. 

The next step was to convert the bislactone intermediate to DMNA. This 

transformation was achieved by adding an alkaline mixture of NaOH 1 M and ACN, 
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which resulted in complete conversion of DMNA with high purity. The results showed 

quantitative conversion of bislactone intermediate to DMNA (90% of yield).  

With a successful route to DMNA in hand, we envisage different approaches 

towards DMNA-based polymesr in order to valorize this novel biobased monomer 

(Figure 6-4). As a preliminary step, DMNA was esterified using ethanol as solvent, 

providing a decent conversion to the corresponding ethyl ester (60%).  

Summary and Future Work 

Although FeCl3, an oxidizing reagent, facilitates the conversion of SinA to DMNA, 

this approach did not deliver the desired results on multi-gram scales. By contrast, our 

optimized synthetic approach proved successful and provided good conversion of SinA 

to DMNA via laccase-mediated formation of the bislactone intermediate. The operating 

conditions for the laccase-mediated SinA conversion had to be further improved in order 

to deliver DMNA on larger scales. We therefore developed a one-pot synthesis of 

DMNA via the bislactone intermediate.  

DMNA and its corresponding ethyl ester are now available in high purity and on a 

multi-gram scale. This will allow work on their polymerizations via a solvent-free free 

radical polymerization to access novel polymers that will be thoroughly characterized.  

Finally, biological activities of DMNA such as antioxidant, antibacterial will be 

further evaluated to enhance the value of Carinata meal. 
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Table 6-1. Optimization of the direct conversion of SinA to DMNA under alkaline 
conditions. 

Entries SinA (g) Base Base 
volume 

(ml) 

Time (h) Temperature 
(°C) 

Results 

1 5 KOH 1M  100 16h 80 Only ThoA 

2 0.5 KOH 1M 100 24 25 Traced ThoA, no 
DMNA 

3 0.5 NaOH 1M 50 24 25 Traced ThoA, No 
DMNA  

4 1 KOH 1M 20 16 60 DMNA formed but 
remaining SinA  

5 1 KOH 0.1 M 200 20 60 DMNA formed but 
remaining SinA  

 

 
 

Figure 6-1. Structure of sinapic acid and its oxidative derivatives, 6-hydroxy-2-naphthoic 
acid, DMNA, and ethyl-DMNA 
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Table 6-2. Optimization of conversion of SinA to DMNA via FeCl3-mediated 
dimerization. 

Entries mSinA (g) FeCl3 

(equiv) 
Conversion of 

SinA to DMNA (%) 
Yield (%) 

1 1  3 100 3 

2 1  1 100 30 

3 1  0.5 100 30 

 

 
 
Figure 6-2. Oxidative β-β dimerization of SinA to afford ThoA and DMNA via the 

dehydrosinapic acid intermediate. 
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Table 6-3. Optimization of conversion of SinA to bislactone intermediate via laccase-
mediated dimerization 

Entries SinA 

(g) 

Bislactone 

(g) 

Time (h) Amount of 
laccase* 

(mg) 

Yield (%) 

1 1 0.2 16 5 20 

2 1 0.3 1.5 10 30 

3 1 0.4 2 8 40 

4 1 0.4 2 7.8 40 

5 1 0.45 2 6.6 45 

6 1 0.9 1.5 6.75 90 

* Laccase activity: 21 U.mol-1 

 
 
Figure 6-3. Proposed strategy to synthesize DMNA from SinA via bislactone 

intermediate. 
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Figure 6-4. Proposed polymerization of DMNA. 

 



 

143 

CHAPTER 7 
ACTIVATION OF Plutella Xylostella SULFATASE USING FORMYL GLYCINE ENZYME 

Introduction 

Diamondback moth (DBM), Plutella xylostella L. is known to be the most 

destructive insect for cruciferous plants. The feeding pattern of DBM on cruciferous 

plants has been studied by Ratzka et al.260 The glucosinolate sulfatase (GSS) that is 

secreted into the gut lumen of the DBM larvae enables them to feed on cruciferous 

plants while avoiding toxic effects of GSL breakdown products. GSS removes the 

sulfate moiety from GSL, which makes them non-substrates for MYR. The mechanism 

of the sulfate group removal is described by an addition-hydrolysis or by 

transesterification-elimination mechanisms (Figure 7-1).295 However, the real 

mechanism has remained elusive due to lack of a well characterized sulfatase. 

Our approach to reduce the GSL’s breakdown product amounts in Carinata meal 

is based on the feeding pattern of DBM on Cruciferae plants (Figure 7-2). This approach 

entails removing the sulfate part of GSLs before the glucose thioester and MYR can 

come into contact with one another during seed processing. Consequently, no ITCs or 

other toxic breakdown products would be produced. Furthermore, the desulfated GSLs 

are considered bioinactive and would have negligible impacts on other downstream 

uses. This approach could also lead to improved bioavailability of Carinata meal which 

increases its bio-value. 

The most challenging part of this proposal is the activation of GSS. Ratzka and 

coworkers reported that GSS heterologously expressed by Escherichia coli was inactive 

due to lack of an essential post-translational modification.260 The sulfatase needs to be 

activated by formylglycine generating enzyme (FGE) in order to become catalytically 
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competent. The transformation of a Cys or Ser side chain into a formylglycine (fGly) 

motif by FGE is required for sulfatase activity.296 The generation of fGly by FGE is highly 

selective and guided by the highly conserved amino acid sequence of sulfatase: 

(C/S)XPXRXXXLTG. The mechanism of this transformation is described in Figure 7-3. 

The sulfatase proteomic sequence of GSS showed existence of this amino acid 

sequence (Figure 7-4)Therefore, the activation of GSS could be achieved by FGE. 

The heterologous expression of FGE from Thermosporal curvata has been 

reported by Knop et al.297 The recombinant FGE exhibited acceptable enzyme activity 

(kcat/KM = 100 M−1.min−1) as well as a with high expression level, up to 10 mg of purified 

FGE per culture liter. This enzyme activity can be improved through mutagenesis and 

using Cu (I) solution as catalyst. Based on these results, we have decided to clone and 

to overexpress FGE from T. curvata to activate GSS. FGE from T. curvata was obtained 

and the GSS was cloned and heterologously expressed by E. coli. Further 

investigations were performed and reported here in order to evaluate the feasibility of 

our strategy. 

Materials and Methods 

Materials 

Restriction enzymes were purchased from NEB (New England, US). 

Electroporation was carried out with a BioRad GenePulser apparatus using 0.1 cm 

cuvettes. DNA primers were synthesized by Integrated DNA Technologies, Inc 

(Coralville, IA) and Sanger DNA sequencing was performed by Genewiz (South 

Plainfield, NJ). Mass spectrometry analysis was carried out with a Bruker Autoflex LRF 

MALDI-TOF at the Mass Spectrometry Research and Education Center (Department of 

Chemistry, University of Florida). 
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Cloning  

A synthetic gene encoding FGE from Thermomonosporal curvata was obtained 

from Genescript (Pistacaway, NJ) and amplified by PCR using two primers (5’-

TTATTTCATATGATGGTGGCCATCCC - 3’ and 5’ -

TAATTGGGATCCATACTCGAGCTACAG-3’). The gel purified amplification product 

was digested with restriction enzymes NdeI and BamHI, and then ligated between these 

sites in pEt15b. The ligation mixture was used to transform Escherichia coli strain 

ElectroTen Blue competent cell using electroporation, then spread on LB agar plates 

supplemented with 50 μg/mL ampicillin and grown overnight at 37 C. Randomly-

chosen colonies were cultured overnight in LB medium supplemented 100 g per mL of 

ampicillin at 37 C. Plasmids were recovered using the Promega Wizard® Plus SV 

Miniprep DNA purification system kit. One plasmid was analyzed by Sanger sequencing 

using T7 and T7ter primers and shown to have the desired structure. This plasmid was 

designated pNVPT1 

The synthetic gene encoding Plutella xylostella glucosinolate sulfatase was 

synthesized by Genescript (Pistacaway, NJ) and amplified by PCR using the cloning 

primers 5’-ATAGTACATATGGCGATTCTGCATCAAG-3’ and 5’-CATACTATTCGG 

AGTCGGAGTAGGG-3’. The gel purified amplification product was digested with NdeI 

and BamHI, and then ligated between these sites in pEt15b. The ligation mixture was 

used to transform Escherichia coli strain ElectroTen Blue competent cell using 

electroporation, then spread on LB agar plates supplemented with 50 μg/mL ampicillin 

and grown overnight at 37 C. Randomly-chosen colonies were cultured overnight in LB 

medium supplemented 100 g per mL of ampicillin at 37 C. Plasmids were recovered 
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using the Promega Wizard® Plus SV Miniprep DNA purification system kit. One plasmid 

was analyzed by Sanger sequencing using T7 and T7ter primers and shown to have the 

desired structure. This plasmid was designated pNVPT2 

Protein Production  

Plasmid pNVPT1 was used to transform E. coli strain BL21(DE3)-Gold using the 

electroporation method. The transformed cell aliquot was spread on LB agar-plates 

supplemented with 50 g per mL of ampicillin and grown overnight at 37°C. A single 

colony of the appropriate strain was used to inoculate 10 mL of LB medium 

supplemented 100 g per mL of ampicillin and the culture was shaken overnight at 37 

C. The saturated aliquot was then transferred into 1 L of LB medium supplemented 100 

g per mL of ampicillin. The culture was grown at 37 C with stirring at 250 rpm until the 

OD600 reached 0.5 – 0.6. Protein overexpression was induced by addition of 0.1 or 0.5 

mM IPTG at 37 C for 4 h. Cells were harvested by centrifuging at 4000 RPM at 4 C, 

resuspended in 20 mM KPi, 0.5 M NaCl, 20 mM imidazole 50 mM EDTA pH 7.4 and 

lysed using BugBuster® HT Protein Extraction solution (Merck). An aliquot was 

centrifuged and purified using a Hitrap His-tag equilibrated in buffer 20 mM KPi, 0.5 M 

NaCl, 20 mM imidazole 50 mM EDTA pH 7.4. The bound protein was eluted with buffer 

containing 20 mM KPi, 0.5 M NaCl, 500 mM imidazole 50 mM EDTA pH 7.4. The 

purified protein was analyzed using SDS-PAGE under Laemmli conditions.298 The final 

yield of FGE was 3.7 mg/L culture volume. Glycerol was added to a final concentration 

of 20% and the concentrated protein (1.37 mg/mL) was stored in aliquots at –20 C until 

further use. 
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FGE Assay 

The assay was performed according to Knop et al.297 The substrate (Polypeptide 

sequence: ALCSPARTAVLTG) was synthesized by ABclonal Science (Woburn, MA) 

with a purity up to 95.5%. The reaction mixture was prepared by adding 50 M of 

substrate, 2 mM of DTT, 50 mM of NaCl and 50 mM EDTA to Tris-Cl, pH 8.0. The 

addition of 1 M of TcFGE initialized the reaction. One equivalent of CuSO4 was added 

as a cofactor. The reaction was stopped after 1 h by adding 1 equivalent of 1% aqueous 

TFA to the reaction media. The product was then analyzed using MALDI-TOF-MS as 

the detection method with α-cyano-4-hydroxycinnamic acid in 50% 1% aqueous TFA / 

50% methanol as matrix. 

Results and Discussion 

Recombinant TcFGE has been successfully overexpressed from E. coli with a  

3.7 mg per culture liter protein yield, lower than that described by Knop et al.297 Hence, 

the protein expression (several expression parameters including type of media, type of 

induction, and expression temperature) must be further optimized in order to reach the 

expected expression rate of desired FGE. 

An enzymatic assay was conducted to determine the activity of our enzyme as 

described by Knop et al. 297  The results showed the formation of desired peptides with 

and without Cu(I) addition (Appendix D). Meanwhile, the measuring the reaction rate 

remains to be performed.  

Although different host strains (BL21(DE3)-Gold versus Rosetta-gami2(DE3)) 

were used for enzyme overexpression, recombinant PxGSS was poorly expressed in E. 

coli, with apparent early termination of translation leading to bands at lower molecular 
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weights (Appendix D). We believe that a co-expression of GSS and FGE will result in 

better expression rate of functional GSS, as mentioned by Jonas et al. A new plasmid 

including both GSS and FGE was therefore designed and will be employed to confirm 

this hypothesis (pNVPT4-Appendix D).299 
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Figure 7-1.Proposed mechanism for the hydrolysis of sulfate esters by sulfatase. (A) 
Mechanism of addition hydrolysis removing sulfate group. (B) Mechanism of 
transesterification-elimination mechanism. 

 

 
 
Figure 7-2. Schematization of proposed approach to remove sulphate group from GSL 

proposed. 
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Figure 7-3. The proposed mechanism of the transformation Cys or Ser by FGE into 

fGly. 
 

 
 
Figure 7-4. Proteomic sequence of GSS. The target sequence of FGE was highlighted 

with the target Cys pointed out. 
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CHAPTER 8 
CONCLUSION 

Renewable energy from biomass makes up over a third of renewable energy in 

2019, and rapeseed and its related crops, including B. carinata, are the third most 

abundant oil. Carinata meal, a co-product of renewable aviation fuel production from B. 

carinata cultivated in the southeast USA, can be further valorized. Indeed, proteins 

remaining in the meal have been demonstrated to be suitable for cattle feed. 

Furthermore, Carinata proteins are of particular interest thanks to their biological 

activities and interesting functional properties (reviewed in Chapter 2). On the other 

hand, many studies have demonstrated that secondary metabolites including p-

hydroxycinnamic acids, mainly sinapic acid in its choline ester form, and glucosinolates 

also found in Carinata meal represent potential multifunctional chemicals for which 

applications can be found in the pharmaceutical, cosmetic and food industries (reviewed 

in Chapter 3 and Chapter 4). 

The recovery of secondary metabolites from agro-industrial wastes employing 

sustainable and environmentally friendly strategies have nowadays drawn more 

attention, particularly methods based on solid-liquid extraction using aqueous alcohol as 

solvent. Although several studies have reported the successful recovery of sinapine 

from biomass, high temperatures and high concentrations of alcohol were often used. 

Consequently, we probed the effects of the extraction process on the remaining protein. 

Applying Response Surface Methodology to aqueous ethanol extraction followed by 

protein extraction, we have reported in Chapter 5 that a compromise could be reached. 

In summary, we have established a process where an efficient recovery of valuable 

secondary metabolites, including PCs and GSLs, has occurred while preserving the 
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extractability along with functional properties of residual proteins. In addition, the 

valorization of SinA as biobased monomer (Chapter 6), as well as an environmentally 

friendly detoxification of GSLs employing biochemical approaches (Chapter 7) are being 

investigated and could further enhance the economic and ecologic value of Carinata 

meal.  
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APPENDIX A  
SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

Table A-1. Occurrence of GSL in plants of order Brassicales. GSL concentration 
expressed as minimum - maximum in µmol/g of dry material. 

Family Species Tissue GSL Content Reference 

Brassicaceae Camelina sativa Seed 15.8–19.4 300
 

Camelina rumelica subsp. 

rumelica 

Seed 18.6–21.7 

Camelina macrocarpa Seed 8.0–19.1 

Brassica napus Leaf 

Seed 

0.6–6.9 

10.8–57.9 

197,301,302
 

Brassica carinata A Braun Seed 35–170 201,202
 

Brassica juncea  Leaf 4.3–129.9 303
 

Seed 15.7–127.6 

Brassica oleracea L. var 

capitata 

Leaf 2.3–11.5 304
 

Brassica oleracea L. var 

italica 

Floret 8.2–19.5 305
 

Brassica oleracea L. convar 

capitata var alba 

Petiole 0.5–31.7 306
 

Brassica rapa Leaf 

Seed 

17.3 

39.4–81.3 

301
 

Arabidopsis thaliana Leaf 5.0–30.7 307
 

Raphannus sativus L. Root 1.0–145.5 204,308
 

Moringacea Moringa oleifera Lam. Leaf 4.7–217 203,309
 

Seed 112–354.4 235,272 

Moringa stenopetala L. Leaf 

Seed 

33.9–59.4 

256–282 

310,311
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Table A-2. Classification of some GSL structural examples. 
No Class Index Semi systematic 

Name 

Trivial Name Characterization 

Methods 

Reference 

1 Ala A Methyl GSL Glucocapparin MS, NMR of GSL; MS 

of desGSL 

312,313 

2 Val A 1-Methylethyl 

GSL 

Glucoputranjivin UV, IR, MS, NMR of 

GSL 

249 

3 Val A (1R)-Methyl-2-

hydroxyethyl GSL 

Glucosisymbrin MS, NMR of desGSL 246,250 

4 Val B (1R)-2-Bezoyloxt-

1-methylethyl 

GSL 

Glucobenzosisymbrin UV, IR of ITC 314 

5 Glu A 3-Carboxypropyl 

GSL 

 Deducted from ITC 

structure 

315 

6 Glu A 3-

Methoxycarbonyl

- propyl GSL 

Glucoerypestrin Partial NMR of GSL 316 

7 ? A Ethyl GSL Glucolepidiin Thiourea-type, IR 

compared to GSL 

structure 

317 

8 ? A n-Butyl GSL  Thiourea-type method 

compared to GSL and 

MS from ITC 

318,319 

9 ? A n-Pentyl GSL  MS of ITC 320 

10 ? A n-Hexyl GSL  MS of ITC 319 

11 ? A 4-Oxoheptyl GSL Glucocapangulin Deducted from IR and 

5-oxooctanoic acid 

321 

12 ? A 5-Oxoheptyl GSL Gluconorcappasalin Thiourea-type, IR 

compared to GSL; 

MS from ITC 

322 

13 ? A 5-Oxooctyl GSL Glucocappasalin UV, IR of GSL and 

desGSL; partial NMR 

of desGSL 

323 

14 ? A 4,5,6,7-

Tetrahydroxydec

yl GSL 

 UV, IR, NMR of ITC 324 

15 ? B Phenyl GSL  MS of GSL 319 

16 ? B 2-(4-

Methoxyphenyl)-

2,2-dimethyl ethyl 

GSL 

 IR, MS, NMR of ITC 325 

17 Leu A 2-Methylpropyl 

GSL 

 MS, NMR of GSL and 

desGSL 

250,326 

18 Leu A 2-Hydroxy-2-

methylpropyl 

GSL 

Glucoconringiin MS, NMR 327 

19 Leu A 3-Methylbutyl 

GSL 

 MS of ITC 320 
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Table A-2. Continued 
No Class Index Semi systematic 

Name 
Trivial Name Characterization 

Methods 
Reference 

20 Leu A 3-Methylbut-3-eyl 

GSL 

 IR, MS, NMR of 

ITC 

328 

21 Leu A 4-Methylpentyl 

GSL 

 MS of ITC 329 

22 Ile A (1S)-1-

Methylpropyl 

GSL 

Glucocochlearin MS, NMR of GSL and 

desGSL 

250,330 

23 Ile A (1R)-1-

(Hydroxymethyl)-

propyl GSL 

Glucosisaustricin MS, NMR of desGSL 250 

24 Ile B (1R)-1-

(Benzoyloxymeth

yl)-propylGSL 

Glucobenzsisaustricin Thiourease-type, IR 

compared to GSL 

331 

25 Ile A (2S)-2-

Methylbutyl GSL 

Glucojiaputin UV, IR, MS, NMR of 

GSL and des GSL 

249,250 

26 Ile A (2S)-2-Hydroxy-

2-methylbutyl 

GSL 

Glucocleomin NMR of desGSL 246 

27 Ile A 3-Methylpentyl 

GSL 

 UV, IR, MS, NMR of 

GSL; MS, NMR of 

desGSL 

249,250 

28 Ile A 3-

(Hydroxymethyl)p

entyl GSL 

 NMR of GSL 332 

29 Ile A 2-Hydroxy-3-

methylpenyl GSL 

 MS, NMR of desGSL 250,332 

30 Trp C 4-Methoxyindol-

3-yl GSL 

Glucorapassicin A UV, IR, MS, NMR of 

synthesized GSL 

333 

31 Trp C Indol-3-ymethyl 

GSL 

Glucobrassicin UV, IR, MS, NMR of 

GSL and desGSL 

249,250 

32 Trp C 1-Hydroxyindol-

3ylmethyl GSL 

 MS of GSL; UV, MS of 

desGSL 

334 

33 Trp C 4-Hydroxyindol-

3-ylmethyl GSL 

4-Hydroxy-

glucobrassicin 

MS of GSL; UV, MS, 

NMR of desGSL 

334–336 

34 Trp C 4-Methoxyindol-

3-ylmethyl 

GSL 

4-Methoxy-

glucobrassicin 

UV, MS, MS, NMR of 

GSL and desGSL 

249,336 

35 Trp C 1-Methoxyindol-

3-ylmethyl 

GSL 

Neoglucobrassicin UV, IR MS, NMR of 

GSL; MS, NMR of 

desGSL 

249,250,334 

36 Trp C 1,4-

Dimethoxyindol-

3-ymethyl 

GSL 

1,4-Dimethoxy-

glucobrassicin 

UV, MS, NMR of 

desGSL 

250,332 
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Table A-2. Continued 
No Class Index Semi systematic 

Name 
Trivial Name Characterization 

Methods 
Reference 

37 Trp C 1-Acetylindol-3-

ymethyl GSL 

N-Acetyl-

glucobrassicin 

MS of desGSL 337 

38 Trp C 1-Sulfoindol-3-

ylmethyl GSL 

N-Sulfo-glucobrassicin UV, IR, MS, NMR of 

GSL 

327,338 

39 Trp C 6′-

Isoferuloylindol-

3-ylmethyl 

GSL 

6′-Isoferuloyl-

glucobrassicin 

MS of GSL; UV, MS, 

NMR of desGSL 

339,340 

40 Phe B Benzyl GSL Glucotropaeolin MS, NMR of GSL; UV, 

MS, NMR of desGSL 

246,341,342 

41 Phe B 3-Hydroxybenzyl 

GSL 

Glucolepigramin MS of GSL; MS, NMR 

of desGSL 

327,343 

42 Phe B 3-Methoxybenzyl 

GSL 

Glucolimnanthin MS, NMR of GSL; UV, 

MS, NMR of desGSL 

246,344 

43 Phe/Trp B 4-Hydroxybenzyl 

GSL 

Glucosinalbin UV, MS, NMR of GSL 

and desGSL 

233,246,327 

44 Phe/Trp B 4-Methoxybenzyl 

GSL 

Glucoaubrietin MS of GSL; UV, 

MS, NMR of 

desGSL 

250,327,345 

45 Phe/Trp B 3,4-

Dihydroxybenzyl 

GSL 

Glucomatronalin MS of GSL 327 

46 Phe/Tyr B 4-Hydroxy-3-

methoxybenzyl 

GSL 

3-Methoxysinalbin UV, MS, NMR of 

desGSL 

343 

47 Phe/Tyr B 3-Hydroxy-4-

methoxybenzyl 

GSL 

Glucobretschneiderin UV, IR, MS, NMR of 

GSL 

346 

48 Phe/Tyr B 3,4-

Dimethoxybenzyl 

GSL 

 UV, MS, NMR of 

desGSL 

343 

49 Phe/Tyr B 4-Hydroxy-3,5-

dimethoxybenzyl 

GSL 

3,5-Dimethoxy-sinalbin UV, MS, NMR of 

desGSL 

 

343 

50 Phe/Tyr B 3,4,5-

Trimethoxybenzyl 

GSL 

 MS of GSL; UV, MS, 

NMR of desGSL 

342,343 

51 Phe B 2-Phenylethyl 

GSL 

Gluconasturtiin NMR of GSL; UV, MS, 

NMR of desGSL 

246,327 

52 Phe B (2S)-2-hydroxy-2-

phenylethyl GSL 

Glucobarbarin MS, NMR of GSL and 

desGSL 

250,327,336 

53 Phe B (2R)-2-Hydroxy-

2-phenylethyl 

GSL 

Epiglucobarbarin MS, NMR of GSL and 

des GSL 

327,339,347 
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Table A-2. Continued 
No Class Index Semi systematic 

Name 
Trivial Name Characterization 

Methods 
Reference 

54 Phe B 2-(3-Hydroxy-

phenyl)ethyl GSL 

 UV, MS, NMR of 

desGSL 

347 

55 Phe B 2-(4-Hydroxy-

phenyl)ethyl GSL 

Homosinalbin MS, NMR of GSL; UV, 

MS, NMR of desGSL 

327,348 

56 Phe B (2R)-2-Hydroxy-

2- 

(3-

hydroxyphenyl)et

hyl GSL 

m-Hydroxy-

epiglucobarbarin 

UV, MS, NMR of GSL 

and desGSL 

194 

57 Phe B 3-Phenylpropyl 

GSL 

 MS of ITC 349 

58 Phe B 4-Phenylbutyl 

GSL 

 MS of ITC 349 

59 Phe B 5-Phenylpentyl 

GSL 

Glucoarmoracin MS of ITC 349 

60 Phe/Tyr B 2-(4-Methoxy-

phenyl)ethyl GSL 

 NMR of GSL, MS, 

NMR of desGSL 

327,332,345 

61 Phe/Tyr B (2R)-2-Hydroxy-

2-(4-

hydroxyphenyl)et

hyl GSL 

p-Hydroxy-

epiglucobarbarin 

MS, NMR of GSL; UV, 

MS, NMR of desGSL 

332,350 

62 Phe/Tyr B (2S)-2-Hydroxy-

2(4-

hydroxyphenyl)et

hyl GSL 

p-Hydroxy-

glucobarbarin 

UV, MS, NMR of 

desGSL 

350 

63 Phe/Tyr B (2R)-2-Hydroxy-

2(4-

methoxyphenyl)e

thyl GSL 

 MS, NMR of GSL 351 

64 Phe B 2-(α-L-

Rhamnopyranosy

loxy)-benzyl GSL 

 MS of GSL and 

desGSL 

327,348 

65 Phe B 4-(4′-O-Acetyl-α-

L- 4- 

rhamnopyranosyl

oxy)-benzyl GSL 

4-Acetyl-glucomoringin MS of GSL and ITC 311,352 

66 Phe B 2-(α-L-

Arabinopyranosyl

oxy)-2phenylethyl 

GSL 

 NMR of GSL 353 

67 Phe B 6′-Isoferuloyl-2-

phenylethyl GSL 

6′-Isoferuloyl-

gluconasturtiin 

MS of GSL, UV, MS 

NMR of desGSL 

339,340 

68 Phe B 6′-Isoferuloyl-

(2R)-2-hydroxy-

2phenylethyl GSL 

6′-Isoferuloyl-

epiglucobarbarin 

MS, NMR of GSL; UV, 

MS, NMR of desGSL 

340 
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Table A-2. Continued 
No Class Index Semi systematic 

Name 
Trivial Name Characterization 

Methods 
Reference 

69 Phe B 6′-Isoferuloyl-

(2S)-2-hydroxy-

2phenylethyl GSL 

6′-Isoferuloyl-

glucobarbarin 

MS, NMR of GSL; UV, 

MS, NMR of desGSL 

340 

70 Phe/Tyr B 6′-Isoferuloyl-(R)-

2-hydroxy-2(4-

hydroxyphenyl)et

hyl GSL 

 MS of GSL; UV, MS 

NMR of desGSL 

340 

71 Phe/Tyr B 4-(α-L-

Rhamnopyranosy

loxy)-benzyl GSL 

Glucomorinigin MS, NMR of GSL and 

desGSL 

246,354–356 

72 Met A 3-

(Methylsulfanyl)p

ropyl GSL 

Glucoibervirin MS, NMR of GSL 245 

73 Met A 4-Oxoheptyl GSL Glucocapangulin Deduction from IR, 5-

oxooctanoic acid 

321 

74 Met A 4-

(Methylsulfanyl)b

utyl GSL 

Glucoerucin UV, IR, MS NMR of 

GSL 

246,342 

75 Met A 5-

(Methylsulfanyl)p

entyl GSL 

Glucoberteroin UV, IR, MS, NMR of 

GSL; UV, MS, NMR of 

desGSL 

357–359 

76 Met A 6-

(Methylsulfanyl)h

eptyl GSL 

 UV, IR, MS, NMR of 

GSL 

357,358 

77 Met A 6-

(Methylsulfanyl)h

exyl GSL 

Glucolesquerellin UV, IR, MS, NMR of 

GSL 

357,358 

78 Met A 8-

(Methylsulfanyl)-

3-oxooctyl GSL 

 MS of GSL; MS, NMR 

of des GSL 

250,327 

79 Met A 9-

(Methylsulfanyl)n

onyl GSL 

 MS of GSL 327 

80 Met A 10 -

(Methylsulfanyl)d

ecyl GSL 

 MS of ITC 360 

81 Met A 2-

Methylsulfinyleth

yl GSL 

 UV, MS, NMR of 

desGSL 

361 

82 Met A (R)-11-

(Methylsulfinyl)-

propyl 

glucosinolate 

Glucoiberin MS, NMR, X-Ray of 

GSL; UV, MS, NMR of 

desGSL 

246,247,342 
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Table A-2. Continued 
No Class Index Semi systematic 

Name 
Trivial Name Characterization 

Methods 
Reference 

83 Met A (R/S)-4-

(Methylsulfinyl)-

butyl 

glucosinolate 

Glucoraphanin MS, NMR of GSL, UV, 

MS NMR of desGSL 

242,246,342 

84 Met A (R/S)-5-

(Methylsulfinyl)pe

ntyl GSL 

Glucoalyssin MS, NMR of GSL; MS 

of desGSL 

342,362 

85 Met A (R/S)-6-

(Methylsulfinyl)-

hexyl GSL 

Glucohesperin UV, IR, MS, NMR of 

GSL 

342,357,358 

86 Met A (R/S)-7-

(Methylsulfinyl)-

heptyl GSL 

 NMR of GSL; MS, 

NMR of desGSL 

250,363 

87 Met A (R/S)-8-

(Methylsulfinyl)-

octyl GSL 

Glucohirsutin UV, IR, MS, NMR of 

GSL; MS, NMR of 

desGSL 

250,358 

88 Met A (R/S)-9-

(Methylsulfinyl)-

nonyl GSL 

Glucoarabin UV, IR, MS, NMR of 

GSL; MS, NMR of 

desGSL 

358,364 

89 Met A (R/S)-10-

(Methylsulfinyl)de

cyl GSL 

Glucocamelinin MS, NMR of GSL; MS 

of desGSL 

250,365 

90 Met A (R/S)-11-

(Methylsulfinyl)un

decyl GSL 

 MS of GSL 365 

91 Met A 3-

(Methylsulfonyl)-

propyl GSL 

Glucocheirolin MS of GSL; NMR of 

desGSL 

312,366 

92 Met A 4-

(Methylsulfonyl)b

utyl GSL 

Glucoerysolin MS of GSL; MS, NMR 

of desGSL 

327,345,364 

93 Met A 6-

(Methylsulfonyl)h

exyl GSL 

 MS of GSL 327 

94 Met A 8-

(Methylsulfonyl)o

ctyl GSL 

 UV, IR, MS, NMR of 

GSL; MS, NMR of 

desGSL 

250,364,367 

95 Met A 9-

(Methylsulfonyl)n

onyl GSL 

 UV, IR, MS, NMR of 

GSL; MS, NMR of 

desGSL 

250,364,367 

96 Met A 10-

(Methylsulfonyl)d

ecyl GSL 

 MS, NMR of desGSL 345,364 

97 Met A (3E)-4-

(Methylsulfanyl)-

but-3-enyl GSL 

 IR, MS, NMR of GSL; 

NMR of desGSL 

246,342 
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Table A-2. Continued 
No Class Index Semi systematic 

Name 
Trivial Name Characterization 

Methods 
Reference 

98 Met A (R/S,3E)-4-

(Methylsulfinyl)-

but-3-enyl GSL 

Glucoraphenin MS, NMR of GSL; UV, 

NMR of desGSL 

246,342,368 

99 Met A 3-Hydroxy-5-

(methylsulfinyl)pe

ntyl GSL 

 Deducted from 

tetrahydro-1,3-oxazine-

2-thione 

369 

100 Met A 3-Hydroxy-5-

(methylsulfony)p

entyl GSL 

 UV, IR, MS, NMR of 

ITC 

369 

101 Met A 3-Hydroxy-6-

(methylsulfanyl)h

exyl GSL 

 Deducted from 

tetrahydro-1,3-oxazine-

2-thione 

370 

102 Met A 3-Hydroxy-6-

(methylsufinyl)he

xyl GSL 

 Deducted from ITC 370 

103 Met A 3-Hydroxy-5-

(methylsulfinyl)pe

ntyl GSL 

 Deducted from 

tetrahydro-1,3oxazine-

2-thione and ITC 

370 

104 Met A 8-

(Methylsulfanyl)-

3-oxooctyl GSL 

 Deducted from ITC 371 

105 Met A (R/S)-8-

(Methylsulfinyl)-

3-oxooctyl GSL 

 Deducted from ITC 371 

106 Met A 4-Mercaptobutyl 

GSL 

 MS, NMR of GSL 372,373 

107 Met A (R)-4-(Cystein-S-

yl)butyl GSL 

Glucorucolamine MS, NMR of desGSL 374 

108 Met A Dimeric 4-

mercaptobutyl 

GSL 

 MS, NMR of GSL; MS 

of desGSL 

372 

109 Met A 4-(β-D-

Glucopyranosyl- 

disulfanyl)-butyl 

GSL 

Diglucothiobeinin MS of GSL; MS, NMR 

of desGSL 

375,376 

110 Met A 6′-Benzoyl-

4(methylsulfanyl)

butyl GSL 

6′-Benzoyl-glucoerucin UV, MS, NMR of 

desGSL 

361 

111 Met A 6′-Benzoyl-

4(methylsulfinyl)b

utyl- GSL 

6′-Benzoyl -

glucopharanin 

UV, MS, NMR of 

desGSL 

361 

112 Met A (R/S, 3E)-6′-

Sinapoyl-4-

(methylsulfinyl)bu

t-3-enyl GSL 

6′-Sinapoyl-

glucoraphenin 

UV, IR, MS, NMR of 

desGSL 

377 
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Table A-2. Continued 
No Class Index Semi systematic 

Name 
Trivial Name Characterization 

Methods 
Reference 

113 Se-Met A 3-

(Methylseleno)pr

opyl GSL 

 Comparing MS with 

natural S-analogues 

378 

114 Se-Met A 4-

(Methylseleno)bu

tyl GSL 

 Comparing MS with 

natural S-analogues 

378 

115 Se-Met A 5-

(Methylseleno)pe

ntyl GSL 

 Comparing MS 

with natural S-

analogues 

378 

116 Met A Allyl 

glucosinolate 

Sinigrin MS, NMR, X-Ray of 

GSL; UV, MS, NMR of 

desGSL 

246,327 

117 Met A But-3-enyl GSL Gluconapin MS, NMR of GSL; UV, 

MS, NMR of desGSL 

246,250,342,362 

118 Met A Pent-4-enyl GSL Glucobrassicanapin MS of GSL; MS, NMR 

of desGSL 

250,362 

119 Met A (2S)-2-

Hydroxypent-4-

enyl GSL 

Gluconapoleiferin MS of GSL 335 

120 Met A (2R)-2-

Hydroxybut-3-

enyl GSL 

Progoitrin MS, NMR of GSL; UV, 

MS, NMR of desGSL 

246,250,341,342,345 

121 Met A (2S)-2-

Hydroxybut-3-

enyl GSL 

Epiprogoitrin MS, NMR of GSL; UV, 

MS, NMR of desGSL 

246,250,335,341 

122 Met C 2′,3′-Dihydro-2′-

oxoindol-3′-

ylacetate ester at 

2-OH of (R)-2-

hydroxbut-3-enyl 

GSL 

Glucoisatisin UV, MS, NMR of GSL 379,380 

123 Met C 2′,3′-Dihydro-2′-

oxoindol-3′-

ylacetate of ester 

at 2-OH of (S)-2- 

hydroxbut-3-enyl 

GSL 

Epiglucoisatisin UV, MS, NMR of GSL 379,380 

124 Met C 2′,3′-Dihydro-3′-

hydroxy-2′-

oxoindol-3′-

ylacetate ester at 

2-OH of (R)-2-

hydroxybut-3-

enyl GSL 

(S)-3′-Hydroxy-

glucoisasitin 

UV, MS, NMR of GSL 379 
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Table A-2. Continued 
No Class Index Semi systematic 

Name 
Trivial Name Characterization 

Methods 
Reference 

125 Met C 2′,3′-Dihydro-3′-

hydroxy-2′-

oxoindol-3′-

ylacetate ester at 

2-OH of (S)-2-

hydroxybut-3-

enyl GSL 

(S)-3′-Hydroxy-

epiglucoisasitin 

UV, MS, NMR of GSL 379 

126 Met B (2S)-2-

Benzoyloxybut-3-

enyl GSL 

2-O-Benzoyl-

epiprogoitrin 

MS of desGSL 361 

127 Met A 2-Hydroxyethyl 

GSL 

 NMR of GSL 381 

128 Met A 3-Hydroxypropyl 

GSL 

 MS, NMR of ITC 382 

129 Met A 4-Hydroxylbutyl 

GSL 

 MS of GSL 383 

130 Met A 3-Hydroxylbutyl 

GSL 

 Deducted from 

tetrahydro-1,3oxazine-

2-thione 

318 

131 Met B 2-

(Benzoyloxy)ethy

l GSL 

 MS of GSL 383 

132 Met B 3-

(Benzoyloxy)prop

yl GSL 

Glucomalcolmiin MS of GSL; UV, MS of 

desGSL 

361,383,384 

133 Met B 4-

(Benzoyloxy)buty

l GSL 

 MS of GSL; UV, MS, 

NMR of desGSL 

361,383 

134 Met B 5-

(Benzoyloxy)pent

yl GSL 

 MS, NMR of desGSL 361 

135 Met B 6-

(Benzoyloxy)hex

yl GSL 

 Deducted from ITC 384 

136 Met B 3-

Sinapoyloxyprop

yl GSL 

 MS, NMR of desGSL 385 

137 Met B 6′-Benzoyl-4-

benzoyloxybutyl 

GSL 

 UV, MS, NMR of 

desGSL 

361 

desGSL: desfulfated Glucosinolates; IR: Infra-red; ITC: Isothiocyanates; MS: Mass Spectrometry; 

NMR: Nuclear Magnetic Resonance; Index: ?: Uncertain precursor.  
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APPENDIX B 
SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

Table B-1. Protein concentration of AE and alkaline extracts. 

Entries %EtOH Te (°C) Protein 
concentration of 
AE extracts (%) 

Protein 
concentration of 

alkaline extracts (%) 

0 0 25 - 59.22 
1 70 50 41.3 64.26 
2 20 25 48.5 65.75 
3 70 50 42.5 64.9 
4 20 50 46.5 67.3 
5 45 50 48.7 63.8 
6 20 75 47.2 58.7 
7 70 25 42.3 67.2 
8 70 50 46.9 62.7 
9 90 25 44.4 63.6 
10 20 25 48.3 67.3 
11 90 50 44.5 63.8 
12 45 75 54.5 58.1 
13 70 75 51.3 55.7 

 

 
 
Figure B-1. Plotting chart to determine desired compromise at different temperature 

from 25 to 50°C. The response values were scaled where the minima and the 
maxima were set at 0 and 100%, respectively. The X axis presents %EtOH; 
and Y axis presents scaled responses. 
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Table B-2. Sinapine concentration of AE and alkaline extracts. 

Entries %EtOH Te 
(°C) 

Sinapine 
concentration of 

AE extracts 
(mg/gDM) 

Sinapine 
concentration of 
alkaline extracts 

(mg/gDM) 

0 0 25 - 6.6723 
1 70 50 10.3764 1.4336 
2 20 25 8.0726 1.4033 
3 70 50 9.8962 1.2599 
4 20 50 8.6998 1.2901 
5 45 50 11.3354 1.1287 
6 20 75 10.0643 1.2110 
7 70 25 10.4755 1.6094 
8 70 50 10.3432 1.4518 
9 90 25 8.6687 1.9641 
10 20 25 7.2657 1.6398 
11 90 50 9.4402 1.8860 
12 45 75 10.2762 1.3258 
13 70 75 9.7151 1.4688 

 

 
 
Figure B-2. PCs’ analysis chromatograms of AE extracts. Chromatograms were recored 

at 320 nm. 
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Table B-3. Sinigrin concentration of AE and alkaline extracts. 

Entries %EtOH Te 
(°C) 

Sinigrin 
concentration of 

AE extracts 
(µmol/gDM) 

Sinigrin 
concentration of 
alkaline extracts 

(µmol/gDM) 

0 0 25 - 70.7482 
1 70 50 72.0563 13.3285 
2 20 25 88.1575 7.6720 
3 70 50 87.7529 12.3955 
4 20 50 92.3045 12.6897 
5 45 50 93.6177 2.0007 
6 20 75 94.0140 -0.0395 
7 70 25 74.3477 25.5384 
8 70 50 32.5855 14.9310 
9 90 25 42.5303 42.7234 
10 20 25 79.1531 14.9071 
11 90 50 47.6201 41.1014 
12 45 75 91.6635 5.0773 
13 70 75 83.1287 6.3332 

 

 
 

Figure B-3. GSLs’ analysis chromatograms of AE extracts. Chromatograms were 
recorded at 229 nm 
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Figure B-4. PCs’ analysis chromatograms of alkaline extracts. Chromatograms were 
recorded at 320 nm. 

 

 
 
Figure B-5. GSLs’ analysis chromatogram of alkaline extracts. Chromatogram were 

recorded at 229 nm 
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Figure B-6. SDS-PAGE under non reducing conditions of AE extracts. 

 

 
 

Figure B-7. (Left) Photograph of AE extracts from experimental design. (Right) 
Response Surface Plot of selected factors (%EtOH, Te) and responses (Y1, 
Y2, Y3). 

 

 
 

Figure B-8. (Left) Photograph of alkaline extracts from experimental design; (Right) 
Response Surface Plot of selected factors (%EtOH, Te) and responses (Y1, 
Y2, Y3).
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APPENDIX C 
SUPPLEMENTARY INFORMATION FOR CHAPTER 6 

 

 
 

Figure C-1. 1H NMR spectrum of SinA in acetone. 
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Figure C-2. 13C NMR spectrum of SinA in acetone. 
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Figure C-3. 1H NMR spectrum of DMNA in acetone. 
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Figure C-4.13C NMR spectrum of DMNA in acetone. 

 

 
 

Figure C-5. 2D NMR (HSQC) of DMNA in acetone. 
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Figure C-6. 2D NMR (HMBC) of DMNA in acetone. 

 

  
 

Figure C-7. 1H NMR spectrum of ThoA in DMSO.  
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Figure C-8. 13C NMR of ThoA in DMSO. 

 

 
 

Figure C-9. 2D NMR (HSQC) of ThoA in DMSO. 
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Figure C-10. 1H NMR spectrum of bislactone in acetone. 

 

 
 

Figure C-11. 13C NMR spectrum of bislactone in acetone. 
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Figure C-12. 1H NMR spectrum of ethyl-DMNA in acetone. 

 

 
 

Figure C-13. 13C NMR spectrum of ethyl-DMNA in acetone. 
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Figure C-14. 2D NMR (HSQC) of ethyl-DMNA in acetone. 
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SAPPENDIX D 
SUPPLEMENTARY INFORMATION FOR CHAPTER 7 

 

 
 

Figure D-1. SDS-PAGE gel analysis of cell lysate and concentrated fraction after 
purification using His-affinity chromatography. 

 

 
 
Figure D-2. SDS-PAGE analysis monitoring the growth of recombinant protein PxGSS 

by E. coli before and after induction with 0.5 mM IPTG. 
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Figure D-3.Comparison of P. xylostella sulfatase and T. composti sulfatase protein 
sequences. The red box highlights the targeted area by FGE. 

 

 

 
 
Figure D-4.Results of FGE assay characterized by MALDI-ToF-MS using sinapic acid 

as matrix. (Top) FGE assay results in the absence of Cu (I); (Bottom) FGE 
assay results with presence of Cu (I). 
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Figure D-5. Map of plasmid pNVPT1. 

 

 
 
Figure D-6. Map of plasmid pNVPT2. 
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Figure D-7. Map of plasmid pNVPT4. 
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