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Abstract

Ferulic acid and its hydroxycinnamate derivatives represent one of the most abundant forms
of low molecular weight phenolic compounds in plant biomass. Feruloyl esterases are part of
a microorganism’s plant cell wall-degrading enzymatic arsenal responsible for cleaving
insoluble wall-bound hydroxycinnamates and soluble cytosolic conjugates. Stimulated by
industrial requirements, accelerating scientific discoveries and knowledge transfer, continuous
improvement efforts have been made to identify, create and repurposed biocatalysts dedicated
to plant biomass conversion and biosynthesis of high-added value molecules. Here we review
the basic knowledge and recent advances in biotechnological characteristics and the gene
content encoding for feruloyl esterases. Information about several enzymes is systematically
organized according to their function, biochemical properties, substrate specificity, and
biotechnological applications. This review contributes to further structural, functional, and
biotechnological R&D both for obtaining hydroxycinnamates from agricultural by-products
as well as for lignocellulose biomass treatments aiming for production of bioethanol and other

derivatives of industrial interest.
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1. Introduction

Feruloyl esterases (FAE; EC 3.1.1.73) are a subclass of carboxylic acid esterases with
the capacity to release ferulic acid (FA) and other hydroxycinnamic acids from plant cell
walls, plant cytoplasm and synthetic substrates. FAEs are found in bacteria, fungi and plants,
with many biotechnological applications, such as: obtaining FA from agricultural by-product
wastes and subsequent bioconversion to high added value aromatic compounds, biological
delignification of non-woody plants for the paper industry, enzymatic hydrolysis for
bioethanol production, improving the digestion of forage plants for ruminants, and as
biosynthetic tools to catalyze esterification and transesterification of esters of
hydroxycinnamic acids (Furuya et al., 2017; Gopalan et al., 2015; Oliveira et al., 2017).

Ferulic acid (FA) has applications as a food preservative due to its antioxidant and
antimicrobial properties; as a therapeutic agent, including anti-inflammatory, antibacterial,
antidiabetic and neuroprotective effects; and as a sun protective factor. FA and its derivatives
are able to neutralize free radicals, protecting cell membranes and DNA (Paiva et al., 2013). It
is also a precursor for synthesis of flavor compounds, such as vanillin and 4-vinyl guaiacol;
the microbial biotransformation of FA to vanillin (a major food industry aroma) has been
extensively investigated (Furuya et al.; 2017). FA is an important factor for lignocellulosic
biomass recalcitrance, cross-linking the cell wall polymers. Therefore, the application of
FAEs for lignocellulosic biomass deconstruction has a key role in decreasing the biomass
recalcitrance to hydrolysis, wherefore lignocellulosic biomass is the most abundant renewable
raw material in nature and has the potential to produce biofuels on a scale large enough to
replace oil'in the mid-term (Linh et al., 2017; Mota et al., 2018).

Biomass recalcitrance is mainly derived from the plant cell wall composition and
architecture and it is conferred by different interactions among its components, requiring
additional energy inputs for their disruption attack (McCann and Carpita, 2015). The complex
architecture of lignocellulose provides a barrier to convert cellulose into fermentable sugars,
due to the several factors such as, cellulose crystallinity, accessibility and polymerization, the
organization of cellulose microfibrils, hemicellulose polymerization and substitution pattern,
lignin content and composition, and the occlusion of the cell wall by lignin-
hydroxycinnamate-hemicellulose cross-linking ( McCann and Carpita, 2015).

This research review describes the current fundamental knowledge and recent
advances in comprehensive mining about biotechnological and biochemical characteristics.

Information about several enzymes is systematically organized according to their function,
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kinetics, biochemical properties, and substrate specificity. We believe that this mapping of
FAEs and their substrate relationship may be a powerful instrument for further functional,
biochemical and structural evaluation, as well as biotechnological applications of FAEs to the
obtainment of hydroxycinnamic acids from agricultural by-products and improved

saccharification of lignocellulosic biomass.

2. Ferulic acid: a polyvalent molecule

2.1. Ferulic acid in plant cell walls and biomass recalcitrance

Ferulic acid is a hydroxycinnamic acid with the systematic name (3-methoxy-4-
hydroxy)-3-phenyl-2-propenoic acid or 3-methoxy-4-hydroxy-cinnamic acid (Fig. 1A).
Produced via the phenylpropanoid pathway, FA and its ester of CoA, FA-CoA, can be seen
both as intermediary metabolites towards the formation of monolignols during lignin
biosynthesis and as final products of the pathway (Oliveira et al., 2015). Like monolignols
and other phenolic compounds, FA presents a polyenic (conjugated) structure that allows the
molecule to stabilize a free radical (non-paired electron) produced by UV-light, respiratory
chain, peroxidases and other metabolic activities (Bento-Silva et al., 2018). As the AG for
releasing a free radical is positive, phenylpropanoids stop free radical chain reactions by
conserving the radical resonating among their chemical linkages. For this reason, it works as a
sunscreen and antioxidant in plants and pharmaceutical products (dos Santos et al., 2008). In
plant cell walls, FA plays a key role in inter- and intra-polymer cross-linkage. It may also be
covalently linked to lignin through the ether or ester bonds and esterified to polysaccharides
(Terrett & Dupree, 2019).

In'commelinid monocots — a group of angiosperms including grasses, palms,
bromeliads, gingers, and ‘core’ Caryophyllales — ester-linked FA occurs in the cell wall at
different and high concentrations (>3.5 mg/g cell wall) according to the specie, organ and
tissue, as summarized in Table 1. In the primary cell walls of commelinid monocots,
including grasses, FA is esterified in the C-5 hydroxyl group of the arabinosyl residue of the
arabinoxylan (B-1,4-linked xylopyranosyl backbone) and is more abundant than other groups
(Oliveira et al., 2015). FA ester-linked to the arabinosyl residue of arabinoxylan is able to
ether-link with lignin or dimerize with other FA-arabinoxylan, cross-linking these cell wall
polymers. Such cross-linkages can block the attack of hydrolases, reducing enzymatic
hydrolysis efficiency (Oliveira et al., 2015). The production of FA cross-linkages is catalyzed
by specific peroxidases that act on FA and FA esters to produce dehydrodimers (e.g. 5-5° and
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8-0-4’-dehydrodiferulic acid) cross-linking vicinal arabinoxylan (Fig. 2) (Hatfield & Ralph,
1999).

Lignin polymer and feruloylation of plant tissues imposes a barrier to efficient cell
wall conversion and negatively impacts digestibility (Ponnusamy et al., 2019). Feruloylation
of arabinoxylan is important not only because it leads to cross-linked arabinoxylan in grasses,
but also because ferulate may act as a nucleating site for the formation of lignin, and hence
linking arabinoxylans to lignin by forming a lignin—ferulate—arabinoxylan complex (Oliveira
et al., 2015; Terrett & Dupree, 2019).

Cross-linking of grass cell wall components, especially through FA and diFA
esterified to arabinoxylan affects many cell wall properties, such as adherence, extensibility,
accessibility and biodegradability. An additional consequence of diFA cross-linkages of
arabinoxylan is the increase of recalcitrance with consequent reduction of digestibility of cell
wall polysaccharides by glycosyl hydrolases, a limitation for biomass conversion to

bioethanol (Oliveira et al., 2015; Perez-Boada et al., 2014).

2.2. Pharmaceutical potential of ferulic acid and derivatives

The therapeutic effect and efficacy of FA are dependent on some properties such as
physiological concentration and pharmacokinetics. Generally, in a given meal, people ingest
from 180 to 165 mg of FA, which is present in its conjugated and free forms, having low
toxicity to the organism and showing a broad variety of biomedical properties: anti-
carcinogenic, antioxidant, anti-allergic, anti-inflammatory, antiviral, antimicrobial, and
cholesterol-lowering, among others. For that reason, FA is a popular food additive in some
countries (Srinivasan et al., 2007).

Due to the observed properties, an extensive study of biological functions and related
activities of FA has demonstrated its protective effects against tumor necrosis factor (TNF)
and its antimicrobial activities with effects against yeasts and bacteria (Borges et al., 2013).
FA has been investigated as an adjunct administrated in cancer chemotherapy due to its
capacity to enhance natural immune defenses and gastrointestinal tract movement, protecting
the organism against side effects (abdominal discomfort), which limit the treatment (Badary
et al., 2006). In addition, the increase of intestinal motility promoted by FA inhibits some
intestinal disorders and can act synergistically with antibiotics in the treatment of pathogenic
microorganisms such as Escherichia coli, Helicobacter pylori, Pseudomonas aeruginosa,

Staphylococcus aureus and Lysteria monocytogenes.



The phytochemical-antibiotic combination assays showed a synergistic effect when
applied in consort with streptomycin against both pathogenic Gram-negative and Gram-
positive bacteria by changing cell morphology and membrane permeability (Shi et al., 2016).
FA has mixed antioxidant and pro-oxidant capacities, inducing apoptosis mechanisms in
parasites. As an important function, microfilaricidal activity induced by FA culminates in
apoptosis and alteration in key antioxidant components, such as glutathione, glutathione S-
transferase and superoxide dismutase (Saini et al., 2012). The administration of FA in Wistar
rats via intragastric intubation increases protection against lipid peroxidation and decreases
the DNA damage due to the improvement in antioxidant performance (Paiva et al., 2013;
Sompong et al., 2017).

FA exhibits anti-inflammatory properties, decreasing the levels of compounds
produced by macrophages. Diabetic rats supplemented with FA showed a reduction in blood
glucose and thiobarbituric acid-reactive substances, and also increases the action of
superoxide dismutase and catalase. These results are correlated with the antioxidant capacity
of FA, which interacts synergistically with some drugs used in the treatment of diabetes
(Nankar et al., 2017). An important function of FA was observed as protective, showing
therapeutic action on nephropathy and protective effects in organs such as the brain, kidney,
pancreas, intestine and liver by reducing inflammation and oxidative stress (Ren et al., 2017).
Additional work has demonstrated that FA increases the levels of monoamine
neurotransmitter in the brain and promotes vasodilatation that can be beneficial for the
treatment of mood disorders (Chen et al., 2015).

In food science, FA has much utilization due to its intrinsic characteristics in the cell
wall together with insolubility of compounds, and can be used in cereal dietary fibers. FA
dehydrodimers may be used against Fusarium graminearum, a fungus accountable for disease
in maize. Besides that, FA shows activity that inhibits the growth of microorganisms and acts
as a natural compound that preserves foods, so it has very diversified uses, including
preserving oranges, stabilizing soybean oil, inhibiting the oxidation of biscuits, and increasing
the viscosity of polysaccharides to obtain gels, and it can be incorporated into materials used

to produce drug packages (Silva & Batista, 2017).

3. Classification of feruloyl esterases and genome analysis

Currently, the known FAEs are classified into the Carbohydrate Esterase Family 1
(CE1) within the Carbohydrate-Active Enzymes database (CAZy — www.cazy.org), in
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accordance with its amino acid sequences and mode of action (Lombard et al., 2014).
Different classification systems have been proposed for FAEs. In this article, we reviewed
and explained the different methods used to classify FAEs.

The Crepin’s classification system is based in the correlation between previously
determined biochemical and functional characteristics and sequence similarities (Crepin et al.,
2004). According to Crepin’s classification, FAEs can be classified by amino acid sequences
similarities into A, B, C, D and a putative E types, and this similarity also correlated with
their specificity for synthetic substrates containing hydroxycinnamic methyl esters (methyl
ferulate — MFA, methyl p-coumarate — MpCA, methyl caffeate — MCA, and methyl sinapate —
MSA, Fig. 1B), ability to release FA dehydrodimers (especially, 5,5’-diFA, Fig. 2) from
esterified substrates, and amino acid sequence homology, which also indicates the
evolutionary relationship among the microbial FAEs. However, this classification system
presents some disadvantages because it is based at the time (2004) on a very small number of
confirmed FAEs and sequences. The information of specificity of the enzymes was acquired
with different methodologies with natural or synthetic substrates, and unrelated enzymes are
part of the same group — e.g. PeFacA from Pleurotus eryngii and AnFacA from A. niger.

According to Crepin’s classification, the phylogenetic analysis also suggests that some
microbial FAEs do not belong to any kind of type in the previous four classifications. To date,
these enzymes are predominantly bacterial in origin, suggesting that fungal and bacterial
FAEs are encoded different from each other. Therefore, these enzymes are classified in the
putative type E sub-class. This fifth sub-class comprises Orpinomyces sp. OspFaeA,
Clostridium thermocellum XynZ, Ruminococcus sp. RspXynl, R. flavefaciens RfXynE and R.
albus RaXynB. Nevertheless, members of this sub-class may only be identified based on their
primary amino acid sequence identity. No further correlation could be established due to the
lack of comparable enzyme activity data (Crepin et al., 2004). This classification has been
used by other researchers in characterizing their FAES. For example, the cinnamoyl esterase
from L. acidophilus F46 is classified into the putative type E, indicating that the functional
classification of the microbial FAE based on fungal origin is not enough to describe it
according to Crepin's classification (Kim & Baik, 2015).

As a further refinement for FAEs classification, Benoit and coworkers provided an
elegant system based on the phylogenic analysis of known fungal genomic sequences
expanding the comprehension of known FAEs (Benoit et al., 2008). Based on Benoit’s
classification system, seven subfamilies (SF 1 to 7) of candidate FAEs were identified in

many fungal genomes, containing three biochemically characterized types of FAEs (types A,
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B and C), excluding those esterases classified previously as type D and all bacterial FAEs.
Members of the genus Aspergillus are present in the subfamily 1, 3, 4, 5, 6 and 7. Subfamily 7
is restricted to FAEs genes from A. niger, A. oryzae and A. terreus based on the primary
dataset these authors had access to. The same is almost true for subfamily 1 that contains FAE
genes from A. fumigatus, A. niger, A. oryzae and A. nidulans. However, this subfamily also
includes the FAE gene from Talaromyces stipitatus as a member and is closely related to
subfamily 2, while subfamily 7 is very distant from all the other subfamilies.

Udatha and coworkers extended the classification of FAEs further by proposing a
novel classification system, grouping for the first time FAEs from three kingdoms — fungi,
bacteria and plant. The classification resulted in 12 distinct families, which have the
capability of acting on a large range of substrates for cleaving ester bonds and synthesizing
high-added value molecules through esterification and transesterification reactions (Udatha et
al., 2011). In this classification system, 365 putative FAE-related sequences of fungi, bacteria
and plant origin were collected and clustered into distinct groups based on amino acid
composition, protein secondary structure, and physicochemical composition descriptors
derived from the respective amino acid sequence. The 12 proposed families were validated
applying a combination of prediction tools with experimental data. Unfortunately with this,
FAEs share a high sequence identity with other serine proteases, such as acetyl esterases,
proteases and lipases, and so a sequence-based only classification is difficult to predict
without corresponding biochemical data confirming that these sequences do correspond to
actual FAEs.

Recently, the groups of de Vries and Hildén have proposed another classification for
fungal FAEs considering both phylogeny and substrate specificity (Dilokpimol et al., 2016).
In this latest classification, 13 sub-families are proposed together with an unclassified group,
demonstrating the limitations in grouping both bacterial and fungal FAEs together. However,
according to this classification, only some FAEs from sub-families 5 and 6 are grouped in
CEl family of CAZy database (Udatha et al., 2011). More recently, the same research groups
performed a phylogenetic analysis that divided fungal FAEs members of CE1 family into five
subfamilies, this upgrade in the last classification system was able with the identification and
characterization of a novel AtFaeD from A. terreus (Dilokpimol et al., 2016).

With the expansion of microbial genome sequencing, it has been revealed that
organisms contain a multiplicity of putative enzyme-encoding genes. Multiple predicted FAE-
encoding genes have thus far been identified in fungi, which will allow more FAEs to be

heterologously expressed and characterized soon. While some fungi, such as Trichoderma
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reesei, do not contain FAE-encoding sequences (Martinez et al., 2008), other species in the
Trichoderma genus do contain putative FAEs in their genome (Dilokpimol et al., 2016).
Thirteen predicted FAEs where identified in the genome of A. oryzae belonging to six
subfamilies of the Udatha’s classification. These sequences were subsequently modeled for
structural analysis and three sequences cloned and expressed in Pichia pastoris (a system
well-disposed for esterase expression), and their substrate specificity was determined.
Furthermore, 37 putative FAEs were identified in the basidiomycetes Moniliophthora roreri,
Auricularia subglabra and Agaricus bisporus var bisporus, and predicted genes encoding FAE
were identified in the genomes of several ascomycetes such as A. flavus with 16 genes, 29 in
A. niger, 16 in Chaetomium globosum, and 11 in Fusarium graminearum (Dilokpimol et al.,
2016). As these authors pointed out, however, a genome sequence prediction is not always
accurate, as pseudogenes and non-FAE related enzymes, such as tannases, acetyl esterases,
and others, could be included. Similarly, gene cloning followed by protein expression and
characterization are essential to determine the ability of @ microbe to produce multiple FAE:s.
More recently, Dilokpimol and coworkers confirmed the ability of the genome mining
strategy to identify eligible candidates for fungal FAE encoding genes for related
biotechnological applications, by demonstrating that 20 out of 27 putative fungal FAEs
possessed esterase activity (Dilokpimol et al., 2018).

4. Biochemical properties of microbial FAEs

Since their first identification in the 1980s and purification in 1991 (Faulds &
Williamson, 1991), more than 80 FAEs with different molecular masses, substrate
preferences; isoelectric points, and optimum reaction conditions have been characterized from
microbial sources. Microbial FAEs from different sources present a broad range of
biochemical properties and kinect values, as summarized in Table 2. The biochemical
characteristics of FAEs show significant variation in molecular weight (18.5 — 210 kDa),
isoelectric points (3.0 — 9.9), optimum pH (3.0 — 10.0) and temperature (20 — 75 °C). Based
on the biochemical properties of characterized FAEs (Table 2), we organized the data for
molecular mass, optimum temperature, pH and isoelectric point for better understanding and
to contribute to further functional studies (Fig. 3). According to relative frequencies and
medians, FAEs frequently have a molecular mass of 36 kDa (Fig. 3A), optimum temperature
at 50 °C (Fig. 3B), and pH at 6.5 (Fig. 3C), and they have acidic pl values suggesting a high

proportion of negative amino acids (Fig. 3D).



FAEs display a common fundamental mechanism having at their active site a catalytic
triad consisting of a serine (Ser), a histidine (His) and a carboxylic acid, mainly aspartic acid
(Asp) or glutamic acid. In the classical catalytic triad, the protonation states or the net charges
of Asp and His residues are very important for maintaining the activity of FAEs (Udatha et
al., 2012). In this sense, the FAE-catalyzed reaction is very similar to the hydrolytic action of
serine proteases, lipases and other esterases, involving a covalent acyl-enzyme intermediate
(Uraji et al., 2018). As we presented in Fig. 3C, FAEs are optimally active at pH 6.5,
suggesting a clear importance of pH dependence by FAEs, His acts as a general acid-base
catalyst, and Asp neutralizes the charge that forms on His during the catalytic process (Udatha
et al., 2012).

As described above, each FAE has its own specificity, releasing specific
hydroxycinnamic acids such as FA, p-coumaric, sinapic or caffeic acids from their esters.
Several methods have been developed for FAE activity determination with natural and
synthetic substrates (Ramos-de-la-Pefia & Contreras-Esquivel, 2016). Numerous model
substrates including methyl and ethyl esters of hydroxycinnamates have been evaluated as
monoferuloylated 4-nitrophenyl glycosides and natural substrates such as FAX (2-O-[5-O-
(trans-feruloyl)-B-L-arabinofuranosyl]-D-xylopyranose) and FAXX (O-[5-O-(trans-feruloyl)-
a-L-arabinofuranosyl]-(1—3)-O-B-D-xylopyranosyl-(1—4)-D-xylopyranose) (Hunt et al.,
2017; Topakas et al., 2012a).

The kinetic values, Ky, Kear and Kea/Kin (Table 2) are affected by structural differences
in the substrate, such as: (1) the type of substitutions on the phenolic ring, as hydroxyl or
methoxyl groups;(2) the number of substitutions on the phenolic ring; (3) the distance
between the ester bond and the phenolic ring; (4) the presence or absence of unsaturation in
the aliphatic chain; and (5) the number of sugar residues linked to the phenolic acid (Hunt et
al.,2017).

An important proof-of-principle demonstrated that FAEs can hydrolyze nonpolar
ferulic acid esters (Schir et al., 2016). A systematic evaluation of the activity of FAEs from
different classes (AnFaeA, MtFaeB, CtFae and RoFae) on nonpolar n-alkyl ferulates was
carried out to evaluate if microbial FAEs are capable of hydrolyzing naturally occurring n-
alkyl ferulates. A decrease in K, and K, is correlated with decreased substrate polarity for
FAE:s. This led to the conclusion that for FAEs, nonpolar ferulic acid esters such as long-

chain n-alkyl ferulates are very poor substrates.

5. Heterologous expression of FAEs by microbial systems and protein engineering
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Most well characterized FAEs have been cloned and expressed in heterologous hosts
in order to a) make them suitable for industrial applications by increasing their thermal
stability, protease resistance, and pH stability; b) understand structure-function relationships;
¢) delineate the role of particular amino acid residues; d) increase production; and e) purify
enzymes in single step with high yield and specific activity (for example, an E. coli based
expression system is suitable for protein engineering and high-throughput structural analysis)
(Zhang et al., 2012; Zhang & Wu, 2011). Previous studies have predominantly focused on
AnFaeA isolated from A. niger. The enzyme has been cloned and successfully expressed in E.
coli, P. pastoris, and A. niger expression systems.

Increasing the repertoire of cloned FAEs, Wu and colleagues performed studies with
two FAEs from the myxobacterium Sorangium cellulosum, ScFael and ScFae2, which were
cloned into a pSD80 vector and expressed in E. coli as a soluble fraction, followed by three
purification steps (DEAE, Butyl-S and Superdex 75 column) (Wu et al., 2012). Wong and
coworkers isolated the FAE gene from microflora of a cow’s rumen (RuFae2), cloned into E.
coli and expressed in active form (Wong et al., 2013). The enzyme RuFae2 had the amino
acid sequence closely related to the primary structures of bacterial FAEs from Prevotella oris
C735 (41.9% identity) and L. johnsonii (47% identity). The E. coli expression system has
advantages and disadvantages. An example of the disadvantage using E. coli BL21 (DE3)
cells, the cDNA of AcFae from A. clavatus was cloned into pET28a vector and overexpressed
as an insoluble fraction (Damasio et al., 2013). The inclusion bodies containing the protein
had to be denatured and purified by affinity chromatography, and after the refolding, the
extract was concentrated and the enzyme was purified by gel filtration chromatography,
which resulted in a small fraction of purified enzyme showing activity. On the other hand,
XynZ from C. thermocellum (containing domains corresponding to xylanase and FAE) was
well-expressed in E. coli BL21 (DE3) as a soluble fraction and purified by two steps — first,
immobilized metal ion affinity chromatography, followed by a size exclusion
chromatography, which resulted in a high fraction of purified enzyme (Mandelli et al., 2014).

Using a P. pastoris GS115 expression system, Yin and coworkers investigated the
effects of disulfide bridges on the thermostability of AuFaeA from A. usamii introducing an
extra disulfide bridge to, or by eliminating each native disulfide bridge in, the protein
sequence (Yin et al., 2015a). The experimental results confirmed that the disulfide bridges
contribute significantly to the thermostability of AuFaeA. This same group improved the

thermostability of AuFaeA by iterative saturation mutagenesis of Ser33 and Asn92 (Yin et al.,
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2015b). The study revealed that the best variant Ser33E/Asn92-4 produced a T, value of 44.5
°C (39.8 °C in WT), the half-life of 198 min at 50 °C, corresponding to a 3.96-fold
improvement compared to the wild-type. Further, the best Ser33 variant Ser33-6 was
thermostable 32 min longer than wild-type at 50 °C with a half-life of 82 min.

The substrate specificity of FAE involves interaction between the substitutions on the
phenolic ring of the hydroxycinnamates with the residues within the active site of FAEs. For
AnFaeA, it was shown that the OH and OCHj3; of FA interact with the hydroxyl groups of
Tyr80 (Faulds et al., 2005). When the importance of the polar and aromatic residues in the
active site of AnFaeA was investigated, it was shown that these residues are involved in
binding, as measured by K, but also the specificity, as replacement of Tyr80 and Trp260
with smaller residues such as valine or serine resulted in a broadening of the substrate
specificity of this esterase. Mutations in the lid/flap region of AwFaeA from A. awamori,
especially a Tyr to Phe or Ile mutation, changed the hydrophobicity of the region and hence
the substrate discrimination of this esterase towards long-acyl chain naphthyl esters, as has
been found for lipases, as well as influencing its optimum pH (Koseki et al., 2005). When a
Phe to Ile mutation on a corresponding residue was constructed in a Thermomyces lanuginosa
lipase, the enzyme obtained significant FAE activity, suggesting that the mutant adopted an
open conformation to accommodate FA-type substrates into the active site in the aqueous
phase (Andersen et al., 2002).

Directed evolution was applied to improve the thermostability of AnFaeA (Zhang et
al., 2012) and the dimeric EstF27 from a soil metagenomics library (Cao et al., 2015). Twelve
residues in AnFaeA, four being surface exposed and eight being in the inner part of the
enzyme, were identified after directed evolution to be beneficial to the thermostability of
AnFaeA. After two rounds of directed evolution, the thermostability of the mutated EstF27 at
50 °C was improved over 3000-fold, and a 1.9-fold higher catalytic efficiency and a 2-fold
improvement of FA release from wheat bran was obtained as a result of six amino acid
substitutions, mainly associated with the dimer interface, leading to the formation of a new
disulphide bond and a general increase in hydrophobicity of the protein.

The EstF27 isolated from a soil metagenomics library and overexpressed in E. coli
displays low thermostability at temperatures higher than 50 °C but was able to release FA
efficiently from wheat bran (Sang et al., 2011). Furthermore, EstF27 had its thermostability
improved by two rounds of random mutagenesis (Cao et al., 2015). The mutations promoted
an increase in the optimal temperatures to 60 °C (mutant M4) and 65 °C (mutant M6), which

correspond to 20 °C and 25 °C higher than that shown by the wild-type. In addition, the
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storage stability of wild-type and mutant M6 was also assessed. After storage at 25 °C for 150
days, the activity of M6 remained constant (100%), whereas only residual activity remained
with the wild-type (21.2%). The kinetic values also increased; the Ke./Ky, value of M6 at its
optimal temperature of 65 °C is about 1.9-fold higher that of wild-type. High-throughput
screening (HTS) was successfully applied for the generation of 30,000 mutants of MtFaela
from M. thermophila, followed with their screening for selecting the variants with higher

activity than the wild-type enzyme (Varriale et al., 2018)

6. Three-dimensional structures

Only a few crystal structures of FAEs have been solved to date, which makes our
understanding of the residues involved in specific substrate interactions for the different
classes of FAEs rather limited. Structural information is important if one decides to improve
or change catalytic function for biotechnological applications. The structures of the two FAE
modules of C. thermocellum XynY and XynZ were the first to be solved (Prates et al., 2001;
Schubot et al., 2001), each displaying the canonical eight-strand o/ fold of lipases/esterases.
This fold is also called the TIM-barrel and forms the active site cleft at the carboxy-terminal
of the sheet. A lid, analogous to lipases, confines the active site cavity with a loop that confers
plasticity to the substrate-binding site.

Some FAEs have sequences and structures related to lipases, showing the same serine
active-site motif in‘a a/pB-hydrolase fold, which consists of nine 3-sheet core surrounded by
five a-helices.and two additional -strands indicative of enzymes capable of hydrolyzing
synthetic ferulate dehydrodimers (Fig. 4A-C). Many FAE models have been constructed
based around sequence identity to lipases where crystal structure was unavailable. It is
believed that a functional shift following a duplication event was responsible for the
neofunctionalization of fungal FAEs from ancestral lipases (Levasseur et al., 2006; McAuley
et al., 2004). On the other hand, unlike FAEs, lipases show two conformational states with an
opened or closed active site, while FAEs have only the first configuration. Fig. 4 shows the
closed conformation in the structures of AnFaeA from A. niger with a lipase from T.
lanuginosa in its open conformation linked with the respective substrates in the catalytic cleft
(Fig. 4D-F). Lipases are lipolytic carboxyl ester hydrolases with the ability to hydrolyze
water-insoluble esters, releasing long-chain fatty acids, whereas esterases act on water-soluble

esters bearing short-chain acyl residues (Romano et al., 2015).
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The classical catalytic triad at the core of the active sites of these two esterases and
that of AnFaeA (Fig. 4) were identified in the hydrophobic binding pocket (Hermoso et al.,
2004; McAuley et al., 2004; Uraji et al., 2018). In addition, biochemical studies displayed the
importance of the position of the ester-linkage and the length and composition of the sugar-
sugar moieties esterified to FA in the catalytic performance of AnFaeA (Faulds et al., 2005).
To date, the carbohydrate part of the FA-arabinoxylooligosaccharides used in co-
crystallization studies has never been visualized. This lack of visualization of the
carbohydrates in the crystal structures suggests a loose interaction between the enzyme
binding residues and the carbohydrate, perhaps reflecting the heterogeneity of the
arabinoxylan polymers and a more specific, tight binding to the phenolic ring. Structural
models of the MtFael were constructed, and this esterase resembled a lipase-type structure
with a small cap-like domain over the active site, which is postulated to influence substrate
specificity (Topakas et al., 2012b). While MtFael resembles lipases, the structure of A. oryzae
AoFaeB indicated that this esterase exists as a dimer, contains a novel CS-D-HC motif at the
catalytic site, and is more closely related to tannases than lipases (Fig. 4). Presenting a unique
lid structure, such proteins display no significant structural similarities to any protein in the
Protein Data Bank (Suzuki et al., 2014).

The three-dimensional structure of AoFaeB from A. oryzae is composed of two
regions that are identified as catalytic domains containing the Ser-His-Asp triad (Fig. 5A
dashed circle) and the lid domain which covers the active site (Fig. 5 blue region) (Suzuki et
al., 2014). The lid domain contains a calcium ion coordinated by water and five amino acids
(Asp272, Asp 275, Ala277, Asp 279 and Ile281), which are far from the active site and
involved in lid domain stabilization (solid circle in Fig. 5A). The catalytic domain shows
o/B-hydrolase fold, and in an interface between these domains and the lid domain, the active
center of the AoFaeB, which is covered by the lid forming the substrate pocket of the enzyme
(Fig. 5B and D).

7. Identification of glycosylation sites

It is desirable that enzymes used in industrial processes resist non-physiological
conditions such as extreme pH and temperature. Glycosylation has long been identified as a
key point in the thermal stability of glycoproteins, representing a promising target for protein
engineering efforts. Glycosylation is a post-translational modification with biological

functions in recognition, signaling and thermostability of enzymes. Secreted enzymes are

13



often covalently N-linked and O-linked to glycosides at specific sites. N-glycosylation
generally attaches a branched mannose or a single N-acetylglucosamine residue to the -
amide group of an asparagine residue, while O-glycosylation attaches the carbohydrate
(generally one to three mannose residues) to the B-hydroxyl group of a serine or threonine
residue (Zhang et al., 2015).

In an investigation of the effect of glycosylation on protein mass, interestingly, P.
sapidus PsEstl presents a protein band in SDS-PAGE 10 kDa higher than the theoretical
molecular mass, which was 59.4 kDa, as shown in Table 3 (Kelle et al., 2016). The amino
acid sequence analysis of PsEst1 reveals four potential N-glycosylation sites that after being
removed from the purified PsEstl using endo-B-N-acetylglucosaminidase H, the
deglycosylated enzyme presents 60 kDa by SDS-PAGE. AtFaeA from A. terreus has two
potential N-glycosylation sites and 53 potential O-glycosylation sites, which is more than the
46 and 49 potential O-glycosylation sites of A. flavus AfFacA and AnFaeA, respectively
(Zhang et al., 2015). SDS-PAGE protein bands of AtFaeA have around 40 and 37 kDa, and
the purified protein treated with endo-p-N-acetylglucosaminidase H resulted in a major
protein band of 35 kDa. The AnFaeA and A. tubingensis AtFaeA enzymes are very acidic
proteins, showing a pl of 3.3 and molecular mass of 28 kDa for both proteins. However, the
SDS-PAGE indicates an apparent molecular mass of 36 kDa, due to a high amount of
glycosylation in its structure (de Vries et al., 1997; Faulds & Williamson, 1994). The enzyme
AnFaeB has 18 N-glycosylation sites and the electron-density maps in this region indicated no
additional carbohydrate residues attached to the N-acetylglucosamine residue (de Vries et al.,
1997; McAuley et al., 2004).

The N-glycosylation site in AnFaeA coupled with the high ratio of polar residues in
this region stabilizes the 'lid' of the esterase in an open configuration, thus conferring an
esterase character rather than an interfacial-active lipase activity (Hermoso et al., 2004). This
raises the question of the actual importance of glycosylation in the thermal stability of
AnFaeA. The thermal stability of four molecular forms of AnFaeA — native, refolded,
glycosylated, non-glycosylated — was evaluated, demonstrating that AnFaeA produced in A.
niger (melting point temperature of 56 °C) is more heat resistant than AnFaeA produced in E.
coli (melting point temperature of 52 °C) recovered by inclusion bodies and refolded without
glycosylation (Benoit et al., 2006a).

The crystallographic structure of AnFaeA in its native form revealed a fungal N-
glycosylation pattern linked to Asn79. The mature protein NcFae-I of N. crassa contains a

molecular mass estimated by SDS-PAGE 6 kDa higher than the calculated molecular mass of
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29.2 kDa, the N-glycosylation was confirmed by electrospray ionization-mass spectrometry,
which revealed a molecular mass of 35.04 kDa (Crepin et al., 2003a) . AnFaeB and TsFaeC
contain 521 and 530 amino acids and calculated molecular masses of 55.5 kDa and 55.34
kDa, respectively. Nevertheless, the native proteins are glycosylated, yielding proteins with
molecular masses of 74 kDa and 65 kDa, respectively. Deglycosylated AnFaeB has a
molecular mass of 60 kDa by SDS-PAGE analysis (Crepin et al., 2003b; Garcia-Conesa et al.,
2004) .

A study describing a novel feruloyl esterase from A. niger, AnFaeC, found that unlike
AnFaeA and AnFaeB, it did not show a decrease in molecular mass after deglycosylation,
maintaining the molecular weight of 30 kDa (Dilokpimol et al., 2017). In contrast, the
PpFaeA and PcFae-1 from P. purpurogenum and P. chrysogenum, respectively, showed slight
reduction of molecular mass from 35 to 32 kDa for PpFaeA and from 62 to 60 kDa for PcFae-
1 with the deglycosylation treatment (Oleas et al., 2017; Sakamoto et al., 2005). Zhang and
coworkers (2013) and Topakas and coworkers (2012b) did not confirm the glycosylation of
AfFaeA from A. flavus and MtFael from M. thermophila, but compared it with the theoretical
molecular mass and suggested the enzymes may be glycosylated due to the potential N-
glycosylation sites found out. This analysis was performed based on the presence of Asn—
Xaa—Thr/Ser sequons, which are characterized as an oligosaccharide acceptor and a
prerequisite for N-glycosylation. A great extent of glycosylation was observed in the studies
of Rumbold et al. (2003) and Shin and Chen (2007) of feruloyl esterases AN1772.2 (from A.
nidulans) and ApFae (from A. pullulans). The AN1772.2 glycosylated contained more than
double the molecular mass of deglycosylated enzyme and the ApFae showed about 48% of
glycosylation influence on the molecular mass value (Table 3).

The A oryzae enzymes, AoFaeB and AoFaeC, have an apparent relative molecular
mass of 61 and 75 kDa, respectively, on SDS-PAGE. After N-deglycosylation, both proteins
had a relative molecular mass of 55 kDa, suggesting that both enzymes are N-glycosylated.
Thirteen and ten potential N-glycosylation recognition sites are present in the AoFaeB and
AoFaeC sequences, respectively (Koseki et al., 2009). Previously, Koseki and colleagues also
reported that N-glycosylation is important for the thermostability and protein folding of the
AwFaeA from A. awamori, similar to the results reported for an FAE of A. niger (Koseki et
al., 2006). N-linked glycosylation motif (Asn79-Tyr-Thr) was found in the sequence of FAEs
from Aspergilli enzymes (Benoit et al., 2006a). Understanding the role of N-linked
oligosaccharides located in the flap region made it possible to clarify the biochemical

properties of AwFaeA from A. awamori expressed in P. pastoris. The analysis of removed N-
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linked glycosylation recognition sites by site-directed mutagenesis demonstrated that Asn79
replaced with Ala79 or GIn79 had lower activity than glycosylated wild-type AwFaeA
(Koseki et al., 2006). Both mutant enzymes exhibited a significant decrease in hydrolysis rate
and efficient catalysis. The wild type showed a K, of 0.26 mM and Kc./Ky,, of 588 ! mM'l,
the mutant Ala79 values were K., 0.66 mM and k../K,, 145 s mM™" and mutant GIn79 values
were Ky, 0.28 mM and ke./Kin 73 s mM™. These data suggest that the glycan chains ‘affect
substrate discrimination and contribute to the stabilization of the flap in its open conformation

in the wild-type Asn79.

8. Releasing FA and FA dehydrodimers from plant cell walls

Monomers and dimers of FA are important structural components of complex plant
cell walls. FAEs were applied to release FA and diFA from numerous agro-industrial by-
products, as wheat bran, maize bran, maize fiber, brewet’s (or barley) spent grain, corn stalk,
sugar beet pulp, coastal bermudagrass, oat hulls, sugarcane bagasse, jojoba meal, wheat straw,
and elephant grass. The cleavage of a linear xylan backbone yields short feruloylated
oligosaccharides (Oliveira et al., 2016). Specific cell wall degrading enzymes such as
xylanase are required to solubilize part of the cell wall structure by forming short feruloylated
xylooligosaccharides. Then, FAE may act on these feruloylated compounds to release FA. In
turn, the removal of FA residues from feruloylated xylooligosaccharides makes them again
more accessible for further hydrolysis by xylanase and other degrading enzymes (Long et al.,
2018).

Faulds and coworkers were able to release hydroxycinnamic acids from brewers' spent
grain by applying a Humicola insolens commercial enzyme cocktail containing FAE activity,
the reaction releases of 76, 40, 71 and 73% of FA, p-coumaric, 5,5’-diFA and 8-O-4’-diFA,
respectively, in comparison with the total released in alkali (TRA) (Faulds et al., 2004).
Benoit et al. (2006b) studied the ability of AnFaeA and AnFaeB to release hydroxycinnamic
acids, such as FA, p-coumaric, and caffeic acids from coffee pulp, maize bran, apple marc and
sugar beet pulp. AnFaeB releases 100% and 83% of caffeic acid from coffee pulp and apple
marc, respectively and 73% and 34% of p-coumaric acid, respectively, while AnFaeA does
not show substantial effects on these biomasses. On the other hand, 40% of FA is released
with AnFaeA compared to 8% with AnFaeB from autoclaved maize bran.

Some microbial FAEs release dehydrodimers and, therefore, can potentially break

down xylan-lignin crosslinks. P. fluorescens PfXylD and AnFaeA, alone or in concert with a
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xylanase, release 5-5'-diFA and 8-0-4’-diFA from barley and wheat cell walls (See Fig. 2).
AnFaeA is able to release 5-5'-diFA from brewers' spent grain and wheat bran (Faulds et al.,
2006). The type of xylanases used in synergy with FAEs affects the level and form of FA
released. Glycoside hydrolase family 11 xylanases (GH11) are more efficient at releasing FA,
whereas family 10 xylanases (GH10) are more effective at releasing diFA (Faulds et al.,
2006).

FaeLac from Lactobacillus acidophilus K1 hydrolyzes brewers' spent grain and
releases different amounts of HCA, when compared with TRA: FA (2.1%), p-coumaric acid
(2.9%), sinapic acid (2.8%), and caffeic acid (3.7%) (Szwajgier et al., 2010). AcFae from A.
clavatus is able to release FA and p-coumaric acid from sugarcane biomass and insoluble
wheat arabinoxylan (Damaésio et al., 2013). The enzymatic hydrolysis of wheat arabinoxylan
releases up to 85% of the alkaline extractable p-coumaric acid and 2-fold more FA than TRA,
after 15 h of incubation. In turn, AcFae exhibited only 37% and 7% efficiency for releasing
FA and p-coumaric acid from sugarcane bagasse, respectively. Cao et al. (2015) conducted a
detailed study using EstF27 from the soil metagenomics library and EstF27 thermostable
mutant to hydrolyze wheat bran for 10 h at 40 °C. The EstF27 was able to release 17.7% and
the mutant 21.6% of the TRA from wheat bran. At 65 °C, the mutant released 36.8% of TRA
FA but the EstF27 was completely denatured after 10 h.

9. Synergism between FAEs and hemicellulases

The maximum bioconversion of lignocellulosic material requires the action of efficient
cellulolytic enzymes in synergy with hemicellulases and auxiliary enzymes. The utilization of
hemicellulose sugars is essential for the efficient and cost-effective conversion of
lignocellulosic biomass to biofuel (Braga et al., 2014; Li et al., 2014).

The degree of synergy or synergism measures the ability of two or more enzymes to
cooperate in each other's action upon a substrate (Dyk & Pletschke, 2012). The synergism is
also dependent on the properties of the substrate, the specific enzymes and other experimental
conditions, such as enzyme loading in the reaction mixture (Jia et al., 2015). FAEs exhibit
strong synergistic relationships with endo-hydrolases and debranching enzymes, such as
xylanases, arabinanases, galactanases, mannanases, polygalacturonases, and
rhamnogalacturonases (Mandalari et al., 2008; Segato et al., 2014; Xue et al., 2017). FAEs

have been employed to improve biomass degradation because they disrupt the lignin-
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cellulose-hemicellulose network, increasing the accessibility of cellulases and hemicellulases
to their respective substrates (Debeire et al., 2012).

FA is efficiently released from a wheat bran preparation by AnFaeA plus xylanase.
AnFaeA released 24-fold more FA from wheat bran when xylanase is added in the incubation.
AnFaeB released 1% FA from sugar-beet pulp, while the addition of arabinanase and
arabinofuranosidase in the reaction mixture improved the release of FA to 12% (Kroon and
Williamson, 1996). AnFaeA and AnFaeB are involved in the degradation of pectin and xylan
substrates, but they have opposite preferences for these polysaccharides (de Vries et al.,
2002). AnFaeB is most active towards sugar-beet pectin, whereas AnFaeA is most active in
wheat arabinoxylan, demonstrating a clear substrate specificity of AnFaeB for feruloylated
pectin oligosaccharides. The incubation of AnFaeB with arabinofuranosidase and B-
galactosidase (both enzymes from A. niger) increases the hydrolysis of sugar-beet pectin,
though the concomitant incubation of AnFaeA and AnFaeB do not result in an increment in
the amount of FA released compared with AnFaeB alone (de Vries et al., 2002).

Topakas and coworkers observed the maximal release of FA (33% of TRA) from
wheat bran, applying 0.4 U/g of M. thermophila MtFae with 500 U/g xylanase within 1 h of
reaction time (Topakas et al., 2004). E. coli-expressed S. cellulosum ScFael and ScFae2 were
purified and applied in triticale bran hydrolysis. ScFae2 appeared to be more efficient
releasing FA from triticale bran (Wu et al., 2012). The experiments with 0.45 U/ml of ScFae2
incubated with 5.3 U/ml of T. viride xylanase demonstrated that 3 h of hydrolysis resulted in a
release of 96% of FA from triticale bran. The application of blends of enzymes produced by
the fungi T. reesei and A. awamori efficiently hydrolyzed steam-pretreated sugarcane bagasse
(Gottschalk et al., 2010). A. awamori produced FAE, which acts synergistically with
cellulolytic—xylanolytic enzymes, enhancing the effectiveness of the cellulase and xylanase
enzyme blends. Li et al. (2011) reported the production of three FAEs from Cellulosilyticum
ruminicola H1, Fael, Faell and Faelll. The addition of Fael and Faell to xylanase from T.
lanuginosus increased 37% and 27%, respectively, the amount of reducing sugars released
from maize cob in 6 h of incubation at 38 °C. Likewise, Fael elevated cellulase activity by
17%, while Faell and Faelll reduced it by 34%. In turn, both cellulase and xylanase enhanced
the activities of the three FAEs between 2 to 40%, displaying the highest degree of synergy
(1.5) with Faelll.

The addition of RuFae?2 in reaction mixtures of endoxylanase GH10 from Cellvibrio
mixtus increased 6.7-fold the release of FA from wheat bran and 2.7-fold from wheat-

insoluble arabinoxylan (Wong et al., 2013). Zhang et al. (2015) conducted a thorough study
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using AtFaeA from A. terreus with xylanase from A. niger to hydrolyze different particle
sizes (20, 40, 80, 100 mesh) of corn stalk and corncob for 1 h at 50 °C. The content of
reducing sugars produced from corncob is about 2-fold higher than from corn stalk, and the
production of them increased along with the particle size of corncob and corn stalk. Recently,
our research group evaluated the synergistic effect of AcFae from A. clavatus and a
commercial xylanase preparation on sugarcane bagasse hydrolysis at 30 °C for 24 h (Oliveira
et al., 2016). The treatment resulted in a significant increase in the amount of reducing sugars
(1.97-fold) released from sugarcane bagasse, an agricultural residue containing a high
concentration of FA. Although the treatment with AcFae plus xylanase released only 7.7% of
TRA, the enzymes show a high degree of synergy, 5.1.

Evaluating the simultaneous cooperation of AnFaeA and xylanase GH11 (AnXynl11A)
in hydrolyzing wheat bran for the co-production of FA and xylooligosaccharides, Wu and
coworkers applied AnFaeA (100 U) and AnXynl11A (0 to 1000 U) simultaneously, and the
FA released was greatly enhanced from 16.8% to 70% as the activity of AnXynl1A increased
from 0 to 300 U, and xylooligosaccharide yield almost doubled in the optimum level of
enzyme addition (Wu et al., 2017). On the other hand, AnFaeC from A. niger in synergy with
xylanase (T. lanuginosus) releases FA and p-coumaric acid from wheat arabinoxylan and
wheat bran, but did not show cooperative effect with endopolygalacturonase,
rhamnogalacturonan hydrolase and rhamnogalacturonan acetyl esterase (Dilokpimol et al.,
2017). The proof-of-principle was able to demonstrate the differential effect of sequential or
co-incubation treatment with FAE and xylanase to release FA from lignocellulosic substrates.
The releasing of FA from wheat arabinoxylan was 11-fold more efficient when the substrate
was sequentially pre-treated with xylanase followed with AtFaeD than the enzymes co-
incubated together (Mikela et al., 2018). Besides, the production of xylooligosaccharides
from wheat arabinoxylan was successfully improved by 27% to 30% with the treatment with
AtFaeD from A. terreus and commercial xylanase.

Several groups are currently working to understand precisely why FAEs and
debranching enzymes respond differently towards the feruloylated polysaccharides. This
phenomenon indicates that FAE isoenzymes may target different substrates in a
complementary manner, contributing to the efficient degradation of diverse plant biomass.
Future investigations should therefore center upon more complex enzymatic cocktails, or

mixtures of cocktails, that accurately reflect the complexity of plant cell walls.

10. Immobilization and influence of organic co-solvents on the FAE activity
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In industry, immobilization is often employed to stabilize enzymes and facilitate their
reuse, reducing costs. Immobilized enzymes can be used for the de novo synthesis of
bioactive compounds and platform chemicals, and in the development of nanomaterials for
biomedical applications. The immobilization of FAE has been studied for such applications.
Monocomponent FAEs have been immobilized on magnetic Fe;O4 nanoparticles, leading to
an increase in optimal temperature from 45 °C to 55 °C and temperature stability, retaining
52.4% of its initial activity for the release of FA from insoluble wheat bran after 5 cycles (He
et al., 2015). Supermagnetic Fe;O4@Au core-shell nanoparticles were used to immobilize a
putative FAE, PhEst, with a 2-fold increase in activity compared to the free enzyme
(Parracino et al., 2011). It was proposed that such immobilized biocatalysts could be used for
therapeutic as well as biosensor applications. Soybean peroxidase immobilized on silica-
coated magnetic Fe;O4 nanoparticles removes 99% of FA from a reaction mix compared to
only 57% obtained with the free peroxidase (Silva et al., 2016). While this system was
proposed for environmental remediation of effluents from wine distilleries, olive oil
production and pulp and paper mills, phenolic acids cross-linked by peroxidases could also be
used to generate new bioactive compounds, with higher potential than monomeric FA as
antioxidants.

AnFaeA and feruloyl esterase-containing enzyme cocktails have been successfully
immobilized as cross-linked enzyme aggregates (CLEAs) and used in the synthesis of alkyl
hydroxycinnamates, compounds with application as antioxidants and inhibitors of LDL-
oxidation (Vafiadi et al., 2008a; Vafiadi et al., 2008b). Immobilization of eight FAEs from M.
thermophila and T. wortmanni using CLEA methodology demonstrated that conditions for
immobilization have to be carefully designed individually for each enzyme, since the
maximum activity and enzyme stability can vary in different FAE preparations (Zerva et al.,
2018). Mesoporous materials have been used as enzyme immobilization supports due to their
large surface area, allowing high enzyme loading, their high mechanical stability, and the
ability to adjust the pore size of the material to the dimensions of the enzyme of interest.

Immobilization of FoFaeC from F. oxysporum on a mesoporous silica support was
shown to be correlated with the pH, with a one unit shift in the optimal transesterification pH
(Thorn et al., 2011; Thorn et al., 2013). Accessibility to the active site of the FAE was
influenced by the surface charge distribution around the active site pocket, indicating that the
esterase can adopt different orientations within the silica pores, which are pH-dependent

(Thorn et al., 2013) . Other factors can influence the interaction of FAEs with their proposed

20



substrate, or can alter the specificity of the FAE. The physical adsorption stability of the
esterase can be affected by the hydrophobicity, crystallinity and surface charge of the material
it is interacting with, whether it is an immobilization support or the lignocellulosic biomass
itself. The adsorption of AnFaeA onto a charged surface was simulated and shown to be
regulated by electrostatic forces between the protein and the surface, in a way that such
interaction can be weakened or strengthened with buffer ionic strength (Liu et al., 2015). A
positively charged surface at low surface charge density and high ionic strength can maximize
the control and utilization of an immobilized FAE.

The addition of organic co-solvents can expand the use of FAEs in lignocellulose
deconstruction by altering the solubility of substrates or changing the solubility of
lignocellulose components. A study by Faulds et al. (2011) demonstrated that low
concentrations of DMSO (<20% v/v) enhanced and broadened the hydrolytic capacity of
FAEs against model compounds, including acetylated compounds, possibly through an active
side rearrangement. Ionic liquids (IL) can be used for both hydrolytic and synthetic reactions
involving FAEs, but some FAEs have been shown to be more unstable in ILs than others
(Zeuner et al., 2011). Stability in ILs was linked to being both anion dependent and enzyme
structure dependent, with the more lipase-like FAEs being more stable.

The immobilization of four FAEs, MtFacA 1, MtFacA2, MtFaeB1, and MtFaeB2 from
M. thermophila, was studied and optimized via physical adsorption onto various mesoporous
silica particles with pore diameters varying from 6.6 nm to 10.9 nm (Hiittner et al., 2017).
Using crude enzyme preparations, enrichment of immobilized FAEs was observed in function
on pore diameter and protein size. The immobilized enzymes were successfully used for the
synthesis of butyl ferulate through transesterification of methyl ferulate with 1-butanol.
Although the highest butyl ferulate yields are obtained with the free enzyme, the synthesis-to-
hydrolysis ratio was higher when using immobilized enzymes. In addition, over 90% of the
initial activity was observed in a reusability experiment after nine reaction cycles, each lasting
24 h. Rinsing with solvent to remove water from the immobilized enzymes further improved
their activity. This study demonstrates the suitability of immobilized crude enzyme
preparations in the development of biocatalysts for esterification reactions (Hiittner et al.,
2017).

The immobilization of a commercially available feruloyl esterase, E-FAERU, on
mesoporous silica by physical adsorption results in lower transesterification efficiency, since

the hydrolysis reaction is preferred by E-FAERU, regardless of whether it is free or
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immobilized (Bonzom et al., 2018). This result demonstrates that enzyme immobilization is

enzyme-specific and cannot be regarded as reflecting the general behavior of FAEs.

11.  Synthesis of esters-products by esterification activity

Feruloyl esters and phenolic ester sugars have important biological functions, as
antitumor, antimicrobial, antiviral and anti-inflammatory agents (Paiva et al., 2013). FAEs
may catalyze esterification and transesterification in non- or low-aqueous solvents to produce
the esterified compounds with novel physicochemical characteristics, expanding their use in a
variety of food and pharmaceutical applications (Nieter et al., 2016). Esterification can be
used to modify the physical properties of FA and various hydroxycinnamic acids, with
widespread industrial potential due to their antioxidant properties. For industrial applications,
transesterification reactions are more expensive and complicated than esterification reactions,
since FA cannot be directly used as the donor in transesterification reactions. A major
obstacle for application of FA in oil-based food processing and other corresponding industries
is its low solubility and stability in hydrophobic media, to overcome this limitation, it has
been reported that modification of FA through esterification with aliphatic alcohols or
transesterification with triacylglycerols (Vafiadi et al., 2008b). Current knowledge of
biotechnological approaches for the biosynthesis of ferulate derivatives is summarized in Fig.
6.

There has been remarkable progress in synthesizing many feruloylated compounds to
improve the water solubility of FA by linking it to hydrophilic compounds, such as glycerol
and sugars: In turn, the alteration of FA via esterification with aliphatic alcohols results in
lipophilic byproducts (Kikugawa et al., 2012; Kikugawa et al., 2016). Feruloyl glycerols
(FGs) consist of FA esterified to glycerol, a compound naturally found in plants, which
present higher solubility in water than free FA. Natural derivatives of FA, FG present many
biological functions as natural UV light filters and antioxidants in the chemical, food, and
drug industries (Compton et al., 2012). However, it has been reported that it is difficult to
separate FGs from natural raw materials since the contents of monoferuloyl glycerol (MFG)
and diferuloyl glycerol (DFG) are lower than 0.1% (Sun & Chen, 2015). In comparison to
chemical methods, enzymatic synthesis of FGs involves high catalytic efficiency in mild
reaction conditions, low energy consumption and high enantioselectivity (Compton et al.,

2012).
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An important proof-of-principle milestone was achieved with the synthesis of
feruloylated L-arabinose by MtFaeC from M. thermophila (Topakas et al., 2005), which is the
first demonstration of enzymatic feruloylation of carbohydrates. In additional studies, FAEs
have been used as synthetic tools for the esterification of hydroxycinnamic acids to polyols,
mono- and oligosaccharides (Tsuchiyama et al., 2006; Vafiadi et al., 2007; Vafiadi et al.,
2006). Commercial enzyme preparations are able to perform transesterifications of FA to
various glycoside esters, using FA esters as FA donors (Kelle et al., 2016; Tsuchiyama et al.,
2006). AnFaeA is able to synthesize 1-glycerol ferulate in a mixture of 1% FA, 85% glycerol
and 5% DMSO at pH 4.0, 50 °C for 30 min (Tsuchiyama et al., 2006). Kikugawa and
coworkers synthesized water-soluble FA derivatives by esterification of FA with diglycerol
using FAE purified from a commercial enzyme preparation produced by A. niger (Kikugawa
et al., 2012). The major reaction product was determined to be y-feruloyl-a,a’-diglycerol by
NMR and electrospray ionization mass spectrometry analysis. Feruloyl diglycerol-1 is a
sticky liquid whose water solubility (>980 mg/ml) is dramatically higher than that of FA (0.69
mg/ml).

Zeng and coworkers conducted a study using AoFaeA from A. oryzae expressed in P.
pastoris to produce two feruloyl glycerol isomers, with the ester bond occurring at either the
internal hydroxyl group of glycerol (2-FG) or at one of the terminal hydroxyl groups (1-FG)
(Zeng et al., 2014). The maximum esterification yield reached 60.3% at water content of 20%,
the major product being 1-FG and the minor product being 2-FG. Est1 from P. sapidus was
applied for transferuloylation of different monosaccharides (D-glucose, D-fructose, D-
galactose) and disaccharides (D-sucrose, D-lactose, D-maltose) using methyl ferulate as a FA
donor (Kelle et al., 2016). Fortunately, there is a new development on this front. During
transesterification with glucose, fructose and galactose, related substances were identified via
LC-MS as the corresponding feruloylated saccharides. Five FAEs, MtFaeA 1, MtFaeA2,
MtFaeB1, and MtFaeB2 from M. thermophila C1 and MtFaela from M. thermophila ATCC
42464, were tested for their ability to catalyze the transesterification of vinyl ferulate with
prenol in detergentless microemulsions forming a novel feruloylated derivative, prenyl
ferulate (Antonopoulou et al., 2017). The wild-type and evolved variants of MtFaela from M.
thermophila were able to catalyze prenyl ferulate, prenyl caffeate, glyceryl caffeate, glyceryl
ferulate, n-butyl ferulate and 5-O-feruloyl-L-arabinose by transesterification using vinyl

ferulate, vinyl caffeate, fatty alcohols and carbohydrates as acyl donors (Varriale et al., 2018).

12.  Future perspectives
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In the plant cell wall, FA is an essential component cross-linking polysaccharides to
lignin, increasing the cell wall's resistance to hydrolysis. FAE employment with accessory
enzymes, as xylanases and arabinofuranosidases, improves lignocellulosic biomass
conversion to biofuel, helping to achieve the goals set for cost-effective production of
alternative and renewable fuels and chemicals. Future investigations should center upon more
complex enzymatic cocktails containing FAE, or mixtures of cocktails, that accurately reflect
the complexity of plant cell walls. Thereupon, recent concepts for producing FAEs in plants,
via the carefully controlled expression of CAZymes in cell walls for the purpose of initiating
or even completing digestion, could well hold such promise.

Even though most studies have produced and characterized FAEs, recent
developments have highlighted exceptional potential in employing the genome mining
strategy to discover novel FAE encoding genes, and heterologous expression and biochemical
characterization allows for the unraveling of powerful FAEs with hitherto unknown
properties. With the emergence of molecular approaches to selectively alter plant cell wall
structure, hydroxycinnamate-derived materials and chemicals are expected to find
increasingly extensive applications, opening up new paths for the fine chemical and fuel

industries.

13. Conclusion

This review presents a critical assessment comparing various strategies for FAE
valorization, highlighting the recent advances in the biochemical properties, biodiversity and
biotechnological applications of FAEs. Evaluation of the recent scientific literature shows that
FAE:s are extensively applied for obtaining FA from agricultural by-products waste and
subsequent bioconversion to high added-value aromatic compounds, and as biosynthetic tools
to catalyze esterification and transesterification of esters of hydroxycinnamic acids. FA and
derivatives released from lignocellulose are employed as pharmaceutical agents, as food

chemicals, and in the fine chemical industry.
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Figure captions

Figure 1. Chemical structures of hydroxycinnamic acids (A) and hydroxycinnamate methyl

esters (B).

Figure 2. Schematic representation of arabinoxylan ester-linked with FA and FA
dehydrodimers. 1) FA esterified to arabinosyl residue and the site of action of FAE, ii) 8-5’
diFA benzofuran form, iii) 8-8” diFA, iv) 8-8” diFA aryltetralin form, v) 8-O-4> diFA, vi) 5-5’
diFA, and vii) 8-5’ diFA.

Figure 3. Histogram and normal distribution of biochemical properties of microbial FAEs.
Frequencies of molecular masses (kDa for monomers) (A), optimum temperature (B),
optimum pH (C), and isoelectric point (D). Outlier values presented in Table 2 were excluded

of analysis. n is the number of characterized enzymes used for the calculations.

Figure 4. Crystallographic structure of AnFaeA from Aspergillus niger (PDB entry 1UZA)
(A to C) and a lipase from Thermomyces lanuginosa (PDB entry 1EIN) (D to E). The
catalytic cleft with the substrate from both AnFaeA and lipase, which is in the open
configuration (B and E). Cleft depth from AnFaeA and lipase (C and F).

Figure 5. Structure of Aspergillus oryzae AoFaeB (PDB entry 3WMT). The active site with
Ser203, His457 and Asp417 triad (dashed circle) and the calcium ion at the lid position (solid
circle) (A). Monomer of AoFaeB, showing the lid and catalytic cleft position (B), cartoon

representation (C) and molecular surface (D).

Figure 6. Biotechnological approaches for FAE production and applications affording

feruloylated derivatives.
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Table 1. Amount of ferulic acid in different biomass sources.

Group Species, family Organ or Concentration  Reference
tissue of FA (mg/g)
Commelinid Maize (Zea mays), Poaceae Grain 20.66 (Hartley and Haverkamp;
monocots 1984)
Bran 26.11t033.0 (Zhao and Moghadasian, 2008)
Stem 6.27 (Hartley and Haverkamp,
1984)
Leafblade 3.86 (Hartley and Haverkamp,
1984)
Perennial ryegrass (Lollium perenne), Poaceae  Shoot 6.03 (Hartley and Haverkamp,
1984)
Sugarcane (Saccharum officinarum), Poaceae ~ Culm 8.0t0 17.0 (Masarin et al., 2011)
bagasse
Barley (Hordeum vulgare), Poaceae Stem 3.51 (Hartley and Haverkamp,
1984)
Rice (Oryza sativa), Poaceae Grain 0.091 to 0.143 (Zhao and Moghadasian, 2008)
Nile grass (Cyperus papyrus), Cyperaceae Stem 3.18 (Karlen et al., 2018)
Ginger lily (Hedychium gardnerianum), Stem 343 (Karlen et al., 2018)
Zingiberaceae
Pineapple (Ananas comosus), Bromeliaceae Fruit core  6.84 (Karlen et al., 2018)
Tassel cord Rush (Baloskion tetraphyllum), Stem 2.27 (Karlen et al., 2018)
Restionaceae
Blue ginger (Dichorisandra thyrsiflora), Stem 1.07 (Karlen et al., 2018)
Commelinaceae
Canary island date palm (Phoenix Leaf 0.17 (Karlen et al., 2018)
canariensis), Arecaceae
Non-commelinid Onion (Allium cepa), Alliaceae Bulb 0.007 (Zhao and Moghadasian, 2008)
lant .
plants Beetroot (Beta vulgaris), Amaranthaceae Root 6.93 (Waldron et al., 1999)
Sugarbeet (Beta vulgaris), Amaranthaceae Root 4.59 (Waldron et al., 1999)
Spinach (Spinacia oleraceae), Amaranthaceae  — 0.074 (Mattila and Hellstrém, 2007)
Soybean (Glycine max), Fabaceae - 0.12 (Mattila and Hellstrém, 2007)
White cabbage (Brassica oleraceae), - 0.0027 (Mattila and Hellstrém, 2007)
Brassicaceae
Broccoli (Brassica oleraceae), Brassicaceae - 0.041 (Mattila and Hellstrém, 2007)
Tomato (Lycopersicum esculentum), - 0.0029 (Mattila and Hellstrém, 2007)

Solanaceae

—, not defined or not mentioned.
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Table 1. Biochemical properties and kinect values of microbial FAEs.

Microorganism Enzyme MW pl  pHopt Topt Tsta K, Keat Keat/ Kin Substratc
(kDa) )  (C) (mM) (s (s 'mM")
Actynomyces sp. ActOFael 32 — 6.5 30 40 2.79 278.18 99.61 MCA
Aspergillus awamori AwFaeA 35 42 55 55 50 1.38 - — MFA
Aspergillus clavatus AcFae 284 — 7.0 30 - - - - -
Aspergillus flavus AfFaeA 40 - 6.0 58 - 0.44 2.21 5.02 MFA
0.31 0.27 0.88 MpCA
0.26 0.90 3.47 MSA
4 4 — MCA
Aspergillus nidulans AN1772.2 130 46 7.0 45 45 0248 — — MFA
0:659  _ _ MpCA
Aspergillus niger Fae-1 63 30 — - — 1.21 — — MFA
0.15 MpCA
Fae-II 29 3.6 — — y 1.11 — — MFA
0.47 MpCA
AnFaeA 36-31 3.3 5.0 55-60 — 2.08 70.74  91.0 MFA
1.44 84.95 3.53 MSA
AnFaeB 75 49 6.0 50 50 — - — -
AnFaeC 30 48 7.0 50 45 — - — -
Aspergillus oryzae AoFaeA 37 49 5.0 50 50 0.81 - — MFA
AoFaeB 61 — 6.0 55 55 0.14 - — MFA
0.022 _ _ MpCA
0.104  _ _ MCA
AoFaeC 75 — 6.0 55 60 0.10 - — MFA
0.058  _ _ MpCA
0.091 _ _ MCA
Aspergillus terreus AtFaeA 35 — 5.0 50 - 0.61 2.59 4.25 MFA
0.38 0.31 0.81 MpCA
0.29 4.68 16.14 MSA
ND ND ND MCA
AtFaeD 43 434 7.0 50 37 — - — —
AtFAE-1 76 — 5.0 50 55 0.08 1.32 16.58 MpCA
AtFAE-2 23 — 5.0 40 55 0.07 1.27 18.14 MpCA
AtFAE-3 36 — 5.0 40 55 0.07 1.32 18.89 MpCA
Aspergillus tubingensis AtFaeA 36 33 50 60 — — - — -
Aspergillus usamii AuFaeA 36 43 5.0 45 45 4.64 - — MFA
Aureobasidium pullulans ApFae 210 6.5 6.7 60 60 0.050 15.3 304.78 MFA
0.010  31.1 2,933.96 MpCA
0.137 237 172.99 MSA
0.098 30.0 306.12 MCA
Auricularia auricula-judae EstBC 36 32 6.5 61-66 — 0.04 14 38 MFA
Butyrivibrio proteoclasticus EstlE 316" — — — — 0.19 23.0 121.05 pNA
0.24 24.0 100.0 pNB
Cellvibrio japonicus CjFaelB 61 - 6.5 35-40 40 - - - -
Cellulosilyticum ruminicola H1 Fael 58 5.59 6.0-7.0 40 50 4.78 8.46 1.77 MFA
2.50 2.34 0.94 MCA
13.76  7.78 0.57 MpCA
Faell 31.5 6.02 8.0 35 45 0.36 6459 1,794.2 MFA
0.16 232.7 1,454.4 MCA
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0.51 310.5 608.8 MpCA

Faelll 42 498 9.0 40 50 0.03 2,130.9 71.029 MFA
1.06 3309 312.1 MCA
1.26 538.6 4274 MpCA
Chaetomium sp. CQ31 Fae 29.6 — 7.5 60 50 0.98 - — MFA
Chrysosporium lucknowense Fael 29 55 65 45 — — - — -
Fae2 36 52 175 40 — - - o _
FaeB2 33 6.0 8.0 65 - - - — _
Clostridium thermocellum XynZ 45 58 6.0 60 70 5.0 3 — FAXXX
Erwinia chrysanthemi FaeD 35 — 7.5 — - — — — -
FaeT 35 — 7.5 — - 4 = _ _
Fusarium oxysporum FoFaeA/Faell 27 9.9 7.0 45 45 0.58 0.65 1.13 MFA
0:68 0.21 0.31 MpCA
0.29 1.94 6.70 MSA
0.81 0.13 0.16 MCA
FoFaeB/Fael 31 95 7.0 55 30 0.60 6.85 11.41 MFA
0.20 19.838  99.44 MpCA
1.12 0.46 0.416 MSA
0.26 591 22.75 MCA
FoFaeC 62 - 6.0 65 45 0.12 1204 1,003.47 MFA
0.21 2229 1,061.43 MpCA
0.50 8.2 16.4 MSA
0.16 140.6  879.06 MCA
Fusarium proliferatum FpFae 31 2 6.5-7.5 50 50 0.146  — — MFA
0263  _ _ MpCA
0.196  _ _ MCA
Lactarius hatsudake LhFae 55 — 4.0 30 — 0.54 — — MFA
Lactobacillus acidophilus FaeLac 29-36 5.6 6.5-7.5 — - - - - -
Lactobacillus amylovorus FaeLam 29 — 8.0 45-50 50 — - — —
Lactobacillus farciminis Fael fa 29 — 7.0 45-50 50 — - — -
Lactobacillus fermentum FaeL fe 29 — 6.5-7.0 37-50 50 — - — —
Lactobacillus plantarum Lp 0796 28 — 7.0 — 30 — - — -
Myceliophthora thermophila MtFaeB 33 3.1 6.0 55-60 50 0.71 3.30 4.64 MFA
0.09 5.47 60.77 MpCA
0.21 4.56 21.74 MCA
MtFaeC 23 35 6.0 55 60 1.64 2.60 1.58 MFA
0.59 0.53 0.90 MpCA
0.57 0.40 0.70 MSA
0.14 0.13 0.95 MCA
Neurospora crassa NcFae-1 35 8.26 6.0 55 - 0.25 5.24 21 MFA
0.021 12.19 580 MpCA
0.02 4.8 100 MCA
Panus giganteus PgFae 61 - 4.0 40 40 0.36 - - -
Penicillium expansum PeFae 65 — 5.6 37 — 2.6 — — MFA
Penicillium piceum PpFae 56 — 3.0 70 60 — - — -
Pleurotus eryngii PeFaeA 67 52 5.0 50 40 0.145 0.85 5.85 MFA
0.44 3.41 7.75 FAX
Pleurotus sapidus PsEstl 55 57 6.0 50 - 1.95 - 11.2 MFA
Schizophyllum commune ScFaeDl1 63 — 7.5 45 45 0.159 51.0 319.2 MFA
0.151 105.1  696.3 MpCA
0.123 38.4 310.6 MCA
ScFaeD2 54 — 7.5 45 45 0.146  54.7 372.6 MFA
0.137 914 666.2 MpCA
0.123 34.1 275.1 MCA
Sorangium cellulosum ScFael 35 5.07 7.0 — 45 0.74 8.3 11.21 MFA
0.43 9.6 22.32 MSA
ScFae2 34 4.67 6.0-8.0 — 55 0.22 8.2 37.27 MFA
0.18 6.5 36.11 MSA
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Streptomyces sp.

Streptomyces olivochromogenes
Streptomyces werraensis

Talaromyces stipitatus

Talaromyces wortmanni

% Cotton soil metagenomics

2 Fecal samples of Rusa unicolor and
Equus burchelli

2 Microflora of a cow’s rumen

R18

R43

SoFae
SwFaeD

TsFaeA
TsFaeB
TsFaeC

Fael25
Fae7262
Fae68

Tan410
Tvms10
Tvmz2a
RuFae2

38

52

29
48

35
35
65

40
43
58.8

55
18.6
312
29

7.9

35
53
4.6

5.6
52
4.9

4.7

8.5

7.5

7.0

5.5

7.0
7.0
8.0
7.0

50

40

30
40

35
35
38
50

45

40

45

40
40
40
50

'Dimeric protein. “Metagenomic analysis. FAXX: O-[5-O=(transferuloyl)-a-L-arabinofuranosyl]-(1—3)-O-p-D-

xylopyranosyl-(1—4)-D-xylopyranose; FAXXX: O-B-D-xylopyranosyl-(1—4)-O-[5-O-(trans-feruloyl)-a-L-

arabinofuranosyl-(1—3)]-O-B-D-xylopyranosyl-(1—4)-D-xylopyranose; MCA: methyl caffeate; MFA: methyl

ferulate; MpCA: methyl p-coumarate; MSA: methyl sinapate; ND, not detected; pNA: p-Nitrophenyl acetate;

pNB: p-Nitrophenyl butyrate; pNF: p-Nitrophenyl ferulate; —, not detected or not mentioned.
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Table 2. Comparison in protein glycosylation effects of heterologous expressed FAEs.

Organism Protein Expressed host MW (kDa) Glycosylation Optimum temperature (OCI
site
Glycosylated Non-glycosylated (¢ N Glycosylated Non-glycosy
Aureobasidium ApFae - 210 110 - - 60 -
pullulans
Aspergillus nidulans AN1772.2 S. cerevisiae 130 56 - 6 45 -
Aspergillus flavus AfFacA P. pastoris 40 28.164" - 2 58 -
Aspergillus niger AnFaeA A nziger1 and E. 30.246 28.552 - 1 55 50
coli
Aspergillus niger AnFaeB A. niger CMICC 74 60 - 18 - -
298302

Aspergillus niger AnFaeC P. pastoris 30 30 — - 50 -
N402
Aspergillus niger AnFaeD P. pastoris 43 - 2 7 - -
Aspergillus oryzae AoFaeB P. pastoris 61 55 - 13 - -
Aspergillus oryzae AoFaeC P. pastoris 75 55 - 10 - -
Aspergillus terreus AtFacA P. pastoris 40 and 37 35 53 2 50 -
Myceliophthora MtFael P. pastoris 39 32.303" - 3 50 -
thermophila
Neurospora crassa NcFae-I P. pastoris 35.04 29.286" - 4 55 —
Penicillium PpFacA P. pastoris 35 32 - - 48 -
purpurogenum
Pleurotus sapidus PsEstl P. pastoris 70 60 1 3 50 -
Talaromyces TsFaeC P. pastoris 66 55.340" - - 60 -
stipitatus
Talaromyces Fae68 M. thermophila 58.8 - 11 10 - -
wortmannii Fael25 C1 40 - 22 0 - -

Fae7262 43 - 23 2 - -

! Glycosylated. 2 Non-glycosylated. * Predicted molecular mass. * Tm (melting temperature).
-, not detected or not mentioned.
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HIGHLIGHTS (maximum 85 characters)

Critical assessment comparing various strategies for feruloyl esterase valorization

Feruloyl esterases are versatile biocatalysts for the production of hydroxycinnamates

The potential of feruloyl esterases for biotechnological applications is highlighted

Biosynthetic tools for esterification and transesterification of bioactive compounds
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A Hydroxycinnamic acids

OH OH OH OH
3 4: . HO ; cho? Haco?ocm
2 6

1

o
B A Z 7 Z
Y
HO @) HO @) HO” ~O HO™ ~O
p-Coumaric acid Caffeic acid Ferulic acid Sinapic acid

B Hydroxycinnamate methyl esters
OH OH OH OH
HO H,CO H,CO OCH,
Z Z Z 7
HCO™ =0 H,CO~ ~0O H,CO~ ~0O H.CO~ 0

Methyl p-coumarate Methyl caffeate Methyl ferulate Methyl sinapate
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Arabinoxylan
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Esterase activity: Free
hydroxycinnamate derivatives

—

Esterification activity:
Synthesis of ferulate ester-products

OH OH OH OH OH CH
H,CO H.CO, HC H.CO, H.C H,CO.
=~
0 (o] 0 (o] 0 0
H H
|
HO: HO/\I/\

Propyl ferulate Butyl ferulate Pentyl ferulate Prenyl ferulate  Feruloyl glycerol OH Feruloyl diglycerol

s 20 % et o

Feruloyl arabinose  Feruloyl xylose Feruloyl glucose  Feruloyl galactose  Feruloyl sucrose
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