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Abstract:



The chemoenzymatic synthesis of feruloylated arabino-oligosaccharides has been achieved, using a feruloyl esterase type C from Sporotrichum thermophile (StFaeC). The structure of the feruloylated products was confirmed by ESI-MSn.
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Introduction


Feruloyl esterases (FAEs; E.C. 3.1.1.73) are the enzymes responsible for cleaving the ester-link between the main chain polysaccharides of xylans or pectins and monomeric or dimeric ferulic acid. These polysaccharides, which complex with polymers like lignin and cellulose, modulate the plant cell wall material. FAEs are classified into four functional sub-classes (A, B, C and D) according to their primary amino acid sequence identity, specificity for the hydrolysis of hydroxycinnamic acid methyl esters, ability to release 5,5′-diferulic acid from model and complex substrates and inducible plant cell wall materials [1]. Various hydroxycinnamic acids (ferulic, p-coumaric, caffeic, sinapic) have widespread industrial potential by virtue of their antioxidant and antimicrobial properties [2,3]. Apart from their use as model substrates for characterisation of FAEs’, methyl esters of hydroxycinnamic acids have been recently used as acid donors in transesterification reactions with aliphatic alcohols and carbohydrates [4,5,6,7].



FAEs have been used in the synthesis of sugar ferulates such as 5-O-(trans-feruloyl)-L-arabino-furanose [5] or O-[5-O-(trans-feruloyl)-α-L-arabinofuranosyl]-(1→5)-L-arabinofuranose [6]. More specifically, StFaeC catalyzed the transfer of the feruloyl group to L-arabinose and L-arabinobiose in a ternary water-organic mixture consisting of n-hexane, t-butanol and water, with about 40% and 20% conversion of sugar to the feruloylated derivative, respectively [7,6]. Commercial enzyme preparations from Humicola insolens, Thermomyces lanuginosus and Aspergillus niger exhibiting FAE activity were also used for the esterification of various glycosides at their primary hydroxyl group [8]. The above reactions were performed using various reaction media that enhance the solubility of the starting reagents and reverse the natural esterase hydrolytic activity to the synthetic one. Lipases are not able to catalyze such a reaction due to an electronic and/or steric effect [9].



Phenolic acid sugar esters have demonstrable antitumoric activity and have the potential to be used to formulate antimicrobial, antiviral and/or anti-inflammatory agents [10,11,12]. The esterification of oligo- and polysaccharides is a typical subject for both chemical and enzymatic synthesis. Production of feruloylated oligosaccharides from insoluble wheat flour arabinoxylan by treatment with a family 10 endoxylanase, showed significant antioxidant activity against 2,2-diphenyl-1-picrylhydrazyl (DPPH) reduction assay and low density lipoprotein (LDL) oxidation [13], while feruloylated oligosaccharides released from wheat bran promoted the in vitro growth of Bifidobacterium bifidum F-35 [14].



The importance of polysaccharides esterified with ferulic acid has already been reported. For example, maize starch ferulate was chemically synthesised and its food and biological properties were determined. It showed lower viscosity, higher water-holding capacity, and much less retrogradation during low temperature storage than native starch and opens another pathway to deliver health components, such as ferulic acid, safely to the colon [15]. The pasting properties using rapid viscosity analysis of commercial maize starch and starches from sorghum cultivars esterified with ferulic acid were studied, in order to investigate the model-system interactions between ferulic acid and starch. The significance of these interactions is important, especially in food matrices where phenolics are to be added as functional food ingredients [16].



In the present study, the feruloylation of four linear arabino-oligosaccharides, containing from three to six arabinofuranose units, catalysed by StFaeC, was achieved in a ternary water-organic system consisting of a mixture of n-hexane, t-butanol and water. The feruloylated oligosaccharides were detected by TLC and structurally characterized by ESI-MSn after purification.




Results and Discussion


ESI-MSn analysis of feruloylated products


In order to determine the degree of feruloylation and the linkage position of the feruloyl group(s) on the oligosaccharide molecule and thereupon the specificity of the feruloyl esterase StFaeC in this kind of synthetic reaction, ESI-MSn using positive ion mode was applied. Full MSs of all products revealed the presence of mono-feruloylated oligosaccharide in each case. Full MSs of the reaction mixtures didn’t show any ions corresponding to products with higher than mono- feruloylation degree in all cases (data not shown).






Identification of feruloylated arabinotriose 1


Second order MS of the singly charged [M1 + Na]+ (m/z 613) of compound 1 is presented in Figure 1A. Fragments resulted from the proton rearrangement of the glycosidic bond are present, such as C1 (−264) at m/z 349 and C2 (-132) at m/z 481, and Y3 (-194) at m/z 419, which comes from the cleavage of the ester bond between ferulic acid and the oligosaccharide, accompanied by a proton transfer.


Figure 1. A) Second order MS of the singly charged parent ion [M1 + Na]+ (m/z 613) of feruloylated arabinotetraose (1). B) Third order MS of the singly charged ion C2 (m/z 481).
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Ions at m/z 583, m/z 553 and m/z 523 correspond to the cross ring fragments 0.1A3 (-30/C3), 0.2A3 (-60/C3) and 0.3A3 (-90/C3) of the reducing arabinofuranose, respectively. These cross-ring fragments reveal that the reducing arabinofuranose is not esterified and that it is linked through O-5. The same can be concluded for the Ara2 arabinofuranose unit, because of the presence of 0.1A2 (-30/C2) and 0.3A2 (-90/C2). Consequently, the ferulic acid is linked to the non-reducing end of the oligosaccharide. This is confirmed by the third order MS of the C2 (m/z 481, Figure 1B), which is consisted mainly of C1 and the ion at m/z 217 which corresponds to the ferulic acid unit. Fragment B2 at m/z 463, which results from a simple cleavage of the glycosidic bond and Y2 at m/z 288, which comes from cleavage of the glycosidic bond followed by a proton transfer, are also present, together with the ring fragment at m/z 421 0.2A2 (-60/C2).



The fragment at m/z 433 shown in Figure 1A is formed after the ring cleavage predicted using the theoretical fragmentation software Mass Frontier 5.0, establishing the linkage of ferulic acid to the O-5 position of the non-reducing end of the oligosaccharide. However, the fragment at m/z 409 is predicted to be formed after ring cleavage of the oligosaccharide having ferulic acid esterified on the O-2 or O-3 position of the non-reducing L-arabinofuranose ring, exhibiting signal intensity higher than the signal of the O-5 fragment at m/z 463. To the best of the author’s knowledge, the enzymatic esterification of the secondary alcohol group of sugars is not possible due to steric hindrance [5,6], therefore this esterified product is hardly or not at all present in the reaction medium.




Identification of feruloylated arabinotetraose 2


Second order MS of the singly charged [M2 + Na]+ (m/z 745) of compound 2 is presented in Figure 2A. Single feruloylation of the oligosaccharide is confirmed by the presence of C1 (-396) at m/z 349, C2 (-264) at m/z 481 and C3 (-132) at m/z 613, as well as Y4 at m/z 551, B1 at m/z 331 and B2 at m/z 463.


Figure 2. A) Second order MS of the singly charged parent ion [M2 + Na]+ (m/z 745) of feruloylated arabinotetraose (2). B) Third order MS of the singly charged ion C3 (m/z 613).
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Cross ring fragments 0.1A3 (-30/C3) at m/z 583 and 0.2A2 (-60/C2) at m/z 421 indicate that the two middle arabinofuranose units Ara2 and Ara3 are not esterified. This is also confirmed by the third order MS of the C3 (m/z 613, Figure 2B), where the cross ring fragments 0.2A3 (-30/C3) at m/z 553 and 0.1A2 (-30/C2) at m/z 451 are present.




Identification of feruloylated arabinopentaose (3) and feruloylated arabinohexaose 4


Second order MS of compound 3 resulted in cleavage of the glycosidic bonds since the fragments C1 (-528) at m/z 349, C2 (-396) at m/z 481 and C3 (-264) at m/z 613 and C4 (-132) at m/z 745 were present (Figure 3). From the sequential release of mono arabinose from the reducing end without the loss of ferulic acid it can be concluded that the ferulic acid is attached to the non-reducing end of the chain. The absence of cross ring fragments obstructs the determination of the exact position of the feruloyl group on the non-reducing arabinose. The same conclusion can be drawn for the feruloylated arabinohexaose shown in Figure 4 (compound 4).


Figure 3. Second order MS of the singly charged parent ion [M3 + Na]+ (m/z 877) feruloylated arabinopentaose (3).
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Figure 4. Second order MS of the singly charged parent ion [M4 + Na]+ (m/z 1009) feruloylated arabinohexaose (4).
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Conclusions


The present study has demonstrated the potential ability of a type C feruloyl esterase from S. thermophile for the feruloylation of various L-arabinose oligosaccharides in their non reducing arabinofuranose ring and the structural characterization of the products using ESI-MSn. All the oligosaccharide substrates were mono-feruloylated as shown by the singly charged [M+Na]+ molecular ions of the transesterification products with ratio of m/z 613 (1),745 (2), 877 (3) and 1009 (4). As it was shown by ring fragmentation, the feruloylation took place on the non-reducing ring of each L-arabino-oligosaccharide studied. Moreover, these four linear oligosaccharides were possibly esterified on the primary hydroxyl group situated on the non-reducing arabinofuranose ring as reported in case of L-arabinose and L-arabinobiose transesterification reactions [7,6].



Further investigation should be carried out in order to expand the synthetic ability of feruloyl esterases in other reaction systems for the possible commercial exploitation of these natural modified antioxidants. The potentiality of feruloyl esterases for the esterification of polysaccharides with hydroxycinnamic acids gives a novel enzymatic approach to the synthesis of functional and biodegradable materials.








Experimental


General


The esterase described was purified to homogeneity from culture supernatants of S. thermophile grown on wheat straw, as described previously [5]. Methyl ferulate was purchased from Apin Chemicals Ltd (Abingdon, UK). Linear arabino-oligosaccharides were purchased from Megazyme (Wicklow, Ireland). All other chemicals were purchased by LabScan (Dublin, Ireland).




Reactions conditions


Surfactantless microemulsions were prepared by mixing n-hexane, t-butanol and 50 mM buffer piperazine-HCl pH 6.0 (53.4:43.4:3.2 v/v/v), followed by vigorous shaking for several seconds until a stable transparent solution was obtained, as described previously [3]. Methyl ferulate (50 mM) was diluted in the mixture of n-hexane and t-butanol. Enzyme (0.037 nM) and arabino-oligosaccharides (30 mM) were introduced in the form of concentrated stock solution in buffer. However, sugar precipitation was observed after the addition of the concentrated stock solution into the organic solvent mixture. Enzymatic transesterification was carried out in sealed flask at 37oC temperature without stirring. Purification of the products was made by preparative HPLC as previously described [6].




Thin Layer Chromatography


Aliquots of reaction mixtures were spotted on aluminium sheets coated with Silicagel 60 (Merck, Germany). The solvent system that was used for the resolution of the feruloylated oligosaccharides formed was 1-butanol-acetic acid-water (50:25:25, v/v/v). TLC plates were visualized under a UV lamp (234 nm). Sugar components were detected on dried chromatograms by the aniline-hydrogen phthalate reagent.





Electrospray Ionization Mass Spectrometry (ESI-MSn)


Electrospray ionisation mass spectrometry (ESI–MS) was performed on a LTQ Ion-trap (Thermo Electron, San Jose, USA) in positive mode using the static nanospray source with a heated capillary temperature of 200°C and a spray voltage of 2.2 kV. The instrument was tuned on the pentamer of glucose (present in a 10 µg/mL solution of maltodextrin). The sample was applied through a PicoTip emitter capillary (4μm ID of the tip, New Objective, Woburn, USA). MS2 and higher were performed using a window of 1 m/z and a relative collision energy of 30%.



The Domon and Costello nomenclature [17] was used to denote the fragment ions. Fragments containing the non-reducing end are labeled k,lAi, Bi and Ci, and those containing the reducing end are labeled Yi, where i corresponds to the number of the glycosidic bond broken, counted from the non-reducing end (or the reducing end, respectively), and k and l indicate the cleavages within the carbohydrate ring.
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