Chapter 8
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Abstract The viability of cellulosic ethanol depends on the optimal use of bio-
mass component through the biorefinery concept and this requires the integration
of unit operations that are involved in the production of fuel and chemicals. In this
regard, enzymes are important tools to improve the efficiency and sustainability of
a biorefinery process. Therefore, a comprehensive approach and full understanding
of the structure and function relationships that are involved in the enzymatic
hydrolysis of lignocellulosic materials is a fundamental step toward the optimi-
zation of these bioconversion processes.

8.1 Introduction

The viability of cellulosic ethanol depends on the optimal use of biomass com-
ponent through the biorefinery concept and this requires the integration of unit
operations that are involved in the production of fuel and chemicals. In this regard,
enzymes are important tools to improve the efficiency and sustainability of a
biorefinery process. Therefore, a comprehensive approach and full understanding
of the structure and function relationships that are involved in the enzymatic
hydrolysis of lignocellulosic materials is a fundamental step toward the optimi-
zation of these bioconversion processes.
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Biomass conversion may be performed by chemical or biochemical routes. For
many reasons ranging from process efficiency to environmental issues, most of
these pathways are ideally performed by biochemical catalysts (enzymes) such as
polysaccharide hydrolases (Mussatto et al. 2010). However, the relatively high
cost of enzymes and the complexity of carrying out enzymatic hydrolysis in large
scale are still limiting the implementation of biorefineries for fuels and chemicals
based on lignocellulosic materials. Besides glycoside hydrolases, it is also widely
known that other enzymes have an important role in the deconstruction of the plant
cell wall. These include oxidases that are involved not only in lignin degradation
but also in the chemical modification of carbohydrates. Hence, a full spectrum of
enzymes is required to deal with the wide diversity of chemical linkages and
chemical environments that are found in the plant cell wall. This chapter attempts
to describe the essential role of plant cell wall degrading enzymes in the success of
biorefineries, particularly with regard to the use of lignocellulosic materials for
fuels and chemicals.

8.2 Plant Cell Wall

The physical and chemical association of the three main components of the plant
cell wall, cellulose, hemicelluloses, and lignin, has been the subject of many
reviews that are found in the specialized literature (Higuchi 1985; Matthews et al.
2006; Coughlan and Hazlewood 1993). In short, linear chains of -(1 — 4)-glu-
cans (cellulose) interact with one another by hydrogen bonding to produce well-
organized crystalline regions that are regularly interrupted by less-organized or
“amorphous” regions in which these chains are more randomly oriented. These
ribbons of polysaccharide chains are embedded in a matrix of hemicelluloses and
lignin, whose distribution and close association defines the outstanding physical
and chemical properties of this natural composite (Fig. 8.1).

A short review of the chemical and structural properties of the main plant cell
wall macromolecular components is presented below. However, important but
minor components such as pectic materials were not included in this chapter.
Details about this class of compounds may be found in reviews that are already
available in the literature (Jayani et al. 2005).

8.3 Cellulose

Cellulose is a linear homopolysaccharide composed of anhydro-p-glucopyranose
units joined together by f-(1 — 4) glycosidic linkages (Fig. 8.2). The equatorial
orientation of the anomeric hydroxyl of the f-p-glucopyranosyl units confers
linearity to the cellulose chains, which interact with one another to produce
aggregates of great molecular order whose supramolecular structure is
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Fig. 8.1 Structural representation of a lignin-carbohydrate complex, in which cellulose and
lignin are interconnected by their chemical interaction with arabinoferuloyl xylan units

Fig. 8.2 Cellulose structure. a Cellobiose unit. b Inter- and intramolecular interactions among
cellulose chains, with hydrogen bonds (HB) shown in different colors: red for intermolecular HB
involving C6 and C3; black for intermolecular HB between C2 and C6; blue for intramolecular
HB involving C3 and the hemiacetalic oxygen atom

architecturally stabilized by a network of intra- and intermolecular hydrogen
bonding (Zhang and Lynd 2004). As a result, adjacent cellulose chains are held
together as flat layers, allowing the more hydrophobic faces of the ribbons to stack
(Matthews et al. 2006). However, there is a thermodynamic limit beyond which
this molecular order is gradually lost, characterizing a transition to less-organized
regions in which the cellulose chains are more randomly oriented (amorphous
regions). Hence, depending on its “amorphous character,” the whole structure
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presents cavities or pores that are able to hold relatively large amounts of water by
capillarity (Mihranyan et al. 2004).

Cellulose chains may organize themselves in different ways, forming allo-
morphs that are known as cellulose I, II, III, or IV. The natural cellulose form is
the metastable cellulose I, which contains two coexisting phases, I, (triclinic) and
I (monoclinic), and the ratio between them varies depending of its origin, being
the type I, commonly found on algae and bacteria, while type Iz is primarily found
in higher plants. The main difference between celluloses I, and Iz lies on the
displacements of the sheets relative to one another and cellulose I, can be con-
verted to Iz by bending during microfibril formation (Jarvis 2000). For cellulose I,
the chains are regularly displaced from each other in the same direction, whereas
for cellulose Iz, this displacement is found in alternating directions. This differ-
ence leads to different water adsorption profiles as well as different chemical
accessibilities for conversion (Matthews et al. 2006).

The other cellulose allomorphs are not natural. Cellulose II is generally
obtained either by mercerization or by regeneration of cellulose in organic solvents
and ionic liquids (Jhonson 1969; Okano and Sarko 1985). Cellulose III can be
produced by treatment with liquid ammonia or in the presence of some amines
(e.g., ethylene diamine). This way, cellulose III; derived from cellulose I while
cellulose II leads to cellulose IIly. Finally, cellulose III can be treated with
glycerol at high temperature to produce cellulose IV and, by doing so, cellulose
IV; and IVy can be obtained from cellulose III; and IIly;, respectively (Loeb and
Segal 1954; Tsuda and Mukoyama 1957).

For many years, cellulosic materials have been extensively studied as a source
for ethanol production. In this case, conversion of lignocellulose to fermentable
sugars (mostly glucose and xylose) may be carried out by acid or enzymatic
hydrolysis (Caes et al. 2013; Yabushita et al. 2013). However, the use of acid
hydrolysis may lead to lower sugar yields due to the use of more drastic reaction
conditions, in which an array of both hydrolysis and fermentation inhibitors are
usually produced (Ramos 2003). Due to its higher specificity and lower environ-
mental impact the enzymatic hydrolysis of cellulose has received much more
attention from the international scientific community as well as from the industry.

The enzymatic conversion of cellulose to glucose is primarily performed by the
synergic/concerted action of three main classes of hydrolases, which are usually
referred to as the cellulolytic complex or cellulases: endo-f-(1 — 4)-glucanases
(EC 3.2.1.4) (EnG), exo-f-(1 — 4)-glucanases (EC 3.2.1.91) (ExG), and p-(1 —
4)-glucosidases (EC 3.2.1.21) (G). Many EnG and ExG enzymes are able to
adsorb on the substrate surface through a carbohydrate-binding module (CBM),
which is connected to the catalytic domain by a linker peptide (Notenboom et al.
2001). Several researches have shown that CBMs increase the performance of
cellulases and other hydrolases. The role of CBM in hydrolysis was recently
shown by Varnai et al. (2013). These authors were able to show that more than
60 % of cellulase genes do not have a CBM or any alternative protein structure
linked to them (dockerins) (Varnai et al. 2013). Furthermore, the effect of CBM
was more pronounced at low total solids (1 wt%, dry basis), being more important



8 The Essential Role of Plant Cell Wall Degrading Enzymes 155

« g Swollenins

" -~ .d”’_\})l‘( ;

p *
“; 0000000000 uﬂ‘—g..,

2000

COO00E x.<.<rn
J{).':AJ:V(V(:(:().A.{(YYI. 00000

D {YYT)Y(

AJ\W fm-_mm—crﬂnxmnx_%umm—rnx q
:(xxx):u:txxxxaxx- r

*s e

Crystalline Region

Man-reducing end [ ]

@ cellobiose Reducing end [ ]
) Gliscose

d Crmidired end -

Fig. 8.3 Hydrolytic and nonhydrolytic enzymes on the synergic action of the cellulose
conversion

for ExGs than EnGs of Trichoderma reesei. The results suggest that CBMs would
not be required at high total solids because these conditions would already promote
enough enzyme-to-substrate interactions for hydrolysis to occur.

EnG enzymes have a catalytic domain with a cleft shape active site that is able
to break down glycosidic bonds along the cellulose chain, acting mainly at the
less-organized “amorphous” regions (Rabinovich et al. 2002). This reaction leads
to the formation of two new chain ends triggering off the so-called endo-exo
synergism. ExG enzymes have a tunnel-shaped catalytic site through which the
cellulose chains must penetrate prior to eliciting its catalytic activity, releasing
mostly cellobiose. These enzymes need to adsorb on to the cellulose surface in
order to facilitate this process (Beckham et al. 2010). Once captured by cellulase
enzymes, the cellulose chain is forced to unglue/unbind from the surface and its
gradual solubilization starts processively by ExG enzymes. Finally, cellobiose and
other low molecular mass oligomers are converted to glucose by the action of G
enzymes. Figure 8.3 shows a pictorial representation of the enzymatic hydrolysis
of cellulose.

T. reesei is the most widely studied organism for the production of cellulases.
Wild-type T. reesei strains are able to secret at least four EnGs (7rCel5A,
TrCell12A, TrCel7B TrCel45A), two ExGs (TrCel7A, TrCel6A), at least one xy-
loglucanase (7rCel74A, with EnG activity), and several fGs (Foreman et al.
2013). However, it is known that TrCel7A, TrCel6A, and TrCel5A are the pre-
dominant enzymes in the enzymatic pools of T. reesei (Nidetzky and Claeyssens
1994). Therefore, considering that the expression levels of G by T. reesei are
enough for the growing cells but insufficient for industrial applications, enzymes
from other fungi such as Aspergillus spp. must be used to supplement this enzyme
component. In addition, besides being more tolerant to end-product inhibition, the
PG enzymes from Aspergillus spp. are able to act not only on cellooligosaccha-
rides (COS) but also on insoluble COS with an average degree of polymerization
of 20 (Sakamoto et al. 1985).
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TrCel7B is the major endo-acting enzyme from 7. reesei, showing 6—10 % of
its total cellulase production (Stadhlberg 1991; Nidetzky and Claeyssens 1994).
TrCel7B has been reported as catalytically active on both soluble (modified cel-
Iulose such as CMC) and insoluble cellulosic substrates as well as on xylans and
glucomannans (Shoemaker et al. 1983). On the other hand, the TrCel5A is not able
to act on xylans but it is also active on soluble and insoluble cellulosic substrates
including mannans (Henrissat et al. 1985; Macarron et al. 1996; Karlsson et al.
2002). Unlikely the major EGs from T. reesei, minor enzyme components, such as
TrCell2A and TrCel45A, can also act on both soluble and insoluble substrates
including glucomannans.

Other cellulolytic enzyme systems have been investigated in their performance
to hydrolyze cellulosic substrates, such as the proteome of Neurospora crassa
(Phillips et al. 2011), Penicillium cellulases (Marjamaa et al. 2013), Cel7A pro-
teins from different thermophilic fungi (Voutilainen et al. 2008) and several EnG
enzymes from GH families 5, 6, 7, 9, 12, and 45 (Vlasenko et al. 2010), among
others. A thorough description about fungal enzymes that are able to degrade
lignocellulosic materials can be found elsewhere (Dashtban et al. 2009).

Cellulolytic enzymes represent one of the most important enzymes for the
development of biorefineries. However, ancillary proteins have also been identi-
fied as important auxiliary tools to achieve high conversion rates in cellulose
saccharification (Arantes and Saddler 2010; Ekwe et al. 2013) such as expansins,
swollenins, and lytic polysaccharide monooxygenases (LPMO). Cellulose binding
proteins can promote the deagglomeration of the cellulose chains at crystalline
regions causing amorphogenesis and this seems to be a critical step toward the
development of high accessibilities (Din et al. 1991; Chen et al. 2010). Interest-
ingly, Reese et al. (1950) suggested about 60 years ago that cellulolytic enzymes
may require the action of nonhydrolytic proteins in order to promote the disruption
of the substrate polymer packing.

The presence of expansins in plant tissues have been originally described by
Cosgrove and co-workers (Cosgrove 1999; Cosgrove 2000a, b). Expansins are
proteins of 25-27 kDa of molecular mass and their mechanism of action consists
on break the noncovalent bonds between cell wall polysaccharides, thereby
inducing the plant cell wall extension and swelling (Cosgrove 2000a; Lee et al.
2001). Also, Yuan et al. (2001) proposed that some cellulases such as TrCel12 may
have expansin-like properties in addition to its hydrolytic activity.

Likewise expansins, swollenins can also break down the physical interactions
among cellulose chains. Jager et al. (2011) expressed the 7. reesei swollenin
protein in a recombinant Kluyveromyces lactis strain and studied the effect of this
recombinant swollenin on cellulosic substrates. In general, treatment with swol-
lenin led to a decrease in both substrate particle size and crystallinity while
increasing the extent of cellulase adsorption on cellulose. As a result, high cel-
lulose hydrolysis rates were obtained. Gourlay et al. (2013) showed that 7. reesei
swollenin affected especially xylan of pretreated corn stover substrate, enhancing
the production of sugars in hydrolysis. More recently, Kang et al. (2013) char-
acterized a novel recombinant swollenin from Penicillium oxalicum with regard to
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its ability to facilitate cellulose hydrolysis. This new swollenin consists of a family
1 CBM connected to a family 45 endoglucanase-like domain by a linker.

In 2005, Vaaje-Kolstad et al. (2005) identified a novel bacterium able to secret a
chitin binding domain (CBP21) that is able to break down chitin while increasing
the substrate accessibility to chitin hydrolases. Based in this, CBP21 was classified
as a family 33 carbohydrate-binding module (Cantarel et al. 2009). This study
revealed that CBP21 cleaves glycosidic bonds in chitin by oxidation, leading to the
generation of a terminal gluconic acid residue and a normal nonreducing chain
end. These and other authors have also demonstrated that CBP21 is able to
increase the accessibility of cellulose to cellulolytic enzymes (Harris et al. 2010;
Eijsink et al. 2008; Vaaje-Kolstad et al. 2005) but the mechanism of CBP21 action
was only clarified by Vaaje-Kolstad et al. (2010).

New studies with CelS2, a CBM33 protein from Streptomyces coelicolor,
showed that it produces aldonic acids on the cellulose surface. Like other oxidative
enzymes, CelS2 also depends on the presence of divalent metal ions. Westereng
et al. (2011) revealed that these enzymes are copper-dependent monooxygenases.
Interestingly, CBM33 was also characterized as a copper-dependent lytic enzyme
(Vaaje-Kolstad et al. 2012).

Recently, a new type of fungal protein was discovered and classified as family
61 Glycoside Hydrolases (GH61, LPMO) (Harris et al. 2010; Quinlan et al. 2011;
Beeson et al. 2012). Likewise CBP21, this enzyme catalyses the oxidative
cleavage of polysaccharides, generating new chain ends while modifying the
charge distribution of the cellulosic substrate surface. The activity of these oxi-
dative enzymes depends upon the presence of a divalent metal ions and an electron
donor. Also, unlike ExG enzymes, their activity on crystalline cellulose does not
require the pull-out of a cellulose chain from the surface of the crystalline matrix
(Vaaje-Kolstad et al. 2010). These and other authors have shown that oxidative
enzymes such as those belonging to LPMO and which are abundant in fungal
genomes increase the rate of conversion of cellulosic materials by enzymatic
hydrolysis. Figure 8.4 shows one hypothesis for the action of LPMO. Oxidized
cellulose chain ends are partially converted to aldonic acid and this highly sol-
vated-opened structure forces these chains to pull out from the surface, leading to a
gradual disaggregation of the cellulose structure and to an increase in the avail-
ability of new reaction sites for both ExG and EnG.

Anaerobic microorganisms are also able to produce multi-enzymatic complexes
called cellulosomes that are able to deconstruct the structural organization of plant
polysaccharides (Fontes and Gilbert 2010). In this system, several types of cel-
lulolytic and hemicellulolytic enzymes are assembled in scaffolding subunits that
are connected to the whole cell by protein-to-protein noncovalent interactions
involving docking and anchoring protein models that are referred to as docherins
and cohesins, respectively (Bayer et al. 1994). Like most fungal cellulases, the
cellulosome systems have a CBM in mainly their anchoring protein in order to
bind to the cellulose surface (Bayer et al. 1994). Furthermore, recently the cel-
lulosomal enzymes had showed synergistic action on the presence of cellulases
(Resch et al. 2013).
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Fig. 8.4 Release of a single chain from the crystalline region after the enzyme-mediated
oxidation of cellulose

8.4 Hemicelluloses

Hemicelluloses are heteropolysaccharides that are strongly associated with cellu-
lose by hydrogen bonds as well as van der Waals forces. Their primary structure
ranges from linear to highly branched polymeric chains with varying degrees of
substitution which, upon acid hydrolysis, may release different types of mono-
saccharides such as p-mannose, D-galactose, D-xylose, D-glucose, glucuronic acid,
4-0-methyl-p-glucuronic acid, and L-arabinose addition of L-rhamnose and
D-galacturonic acid present in rhamnogalacturonans of pectin materials (Bon et al.
2008). Compared to cellulose, these heteropolysaccharides have lower thermal and
chemical stabilities probably due to their lower crystallinity index and lower
degree of polymerization, reasons for what they are much more susceptible to both
acid and alkaline hydrolysis (Ramos 2003).

The main hemicellulose components of dicotyledonous angiosperms are xylans
and these usually correspond to about 20 wt% of plant dry mass (Singh et al.
2003). However, in monocotyledonous plants, xylans are no more than 2 wt% of
plant dry mass. The main backbone of these polysaccharides is composed of
anhydro-p-xylopyranosyl residues that are linked together by 5-(1 — 4) glycosidic
bonds in which substituents are usually found such as «-L-arabinofuranosyl, «-p-4-
O-methylglucuronosyl and O-acetyl groups (Sunna and Antranikian 1997). In
angiosperms, 10 % of the p-xylopyranosyl residues are substituted on C-2 position
by O-acetyl (Coughlan and Hazlewood 1993). Figure 8.5a shows a theoretical
model of the xylan structure as well as the enzymes involved on its degradation.

Most xylanases are classified in the hydrolase families 10 and 11 (Biely et al.
1997). The main difference between these two families is addressed to their
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Fig. 8.5 a Xylan and b glucomannan structures and the main enzymes involved in their
enzymatic hydrolysis

catalytic properties. Therefore, they usually display a greater catalytic versatility,
particularly in the hydrolysis of highly substituted xylans. Likewise cellulases,
some xylanases have a CBM in their structure, bring either a xylan- or a cellulose
binding module (Shareck et al. 1991; Sakka et al. 1993).

Generally, endoxylanases act on xylans releasing mainly xylobiose, xylotriose,
and branched xylooligomers up until xylopentaose. In addition, most endoxylan-
ases hydrolyze nonsubstituted xylans more efficiently and their tolerance to the
presence of side chain varies from one enzyme to another.

Considering the high degree of substitution of xylans, endo-acting enzymes are
dominant to the exo-mode. However, although xylans are mainly composed of
p-(1 — 4) linkage, some xylanases are able to hydrolyze f-(1 — 3) linkages.
Furthermore, exo-acting enzymes show great affinity for polymeric xylan, how-
ever, ff-xylosidase rather to act on the xylooligosaccharides. As described earlier,
glucomannans may be present as one hemicellulose component of the plant cell
wall. They have a primary backbone composed of anhydro-p-mannose and
anhydro-p-glucose linked together by -(1 — 4) glycosidic bonds and this may be
furnished by side chain groups such as acetyl and anhydro-p-galactosyl groups.
Therefore, like other polysaccharides, different enzymes are required for their total
hydrolysis. Figure 8.5b shows the theoretical model of a (galacto)glucomannan
fragment as well as the enzymes involved on its degradation.

The main backbone of both glucomannans and galactoglucomannans is
hydrolyzed primarily by f-(1 — 4)-endomannanases (EC 3.2.1.78). One of the
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problems relies on the fact that some mannanases are able to hydrolyze not only
the f-(1 — 4) linkage between two mannose residues but also the f-(1 — 4)
linkage between glucose and mannose residues (Kusakabe et al. 1988; Tenkanen
et al. 1997). Glucomannans are also efficiently hydrolyzed by endoglucanases
(Mikkelson et al. 2013).

As the concentration of oligomers builds up as a result of hydrolysis, other
enzymes such as f-mannosidase (EC 3.1.1.25) and -glucosidase assume their role
in converting these substrates in the monomeric constituents. These enzymes are
able to remove mannose or glucose from the nonreducing end of mannooligomers.
Furthermore, T. reesei [-xylosidases and Aspergillus niger f-mannosidases may
also catalyze the removal of xylose and mannose units from the chain ends of
xylans and mannans, respectively (Margolles-Clark et al. 1996; Ademark et al.
1999). Also, some endoglucanases are able to hydrolyze not only the internal
glycosidic linkages of cellulose but also those found in other polysaccharides such
as xyloglucans due to the cleft shape of their catalytic domain. In addition, these
enzymes are also able to act on mixed f-(1 — 3, 1 — 4)-glucans.

Endo-(1 — 3)-f-p-glucanases are able to catalyze the hydrolysis of f-(1 — 3)
linkages; however, these enzymes show limited activity on the mixed glucans. On
the other hand, endo-(1 — 3, 4)-f-pD-glucanases are able to hydrolyze both
(1 - 3) and (1 — 4) p-linkages. Furthermore, some exo-glycosyl hydrolases are
able to cleave f-(1 — 3) linkages in glucans by a processive action from the
nonreducing end, releasing glucose as its main end-product.

Figure 8.5 shows the average side groups that have been already found in
xylans and glucomannans. Therefore, the enzymes required to unfurnish these
polysaccharides are clearly different from those involved in the hydrolysis of the
main chain. The main enzymes involved in the removal of these side chains are o-
glucuronosidases, o-p-galactosidases, «-arabinofuranosidases, acetyl xylan ester-
ases, and ferulic acid esterases. For instance, a-glucuronosidases (EC 3.2.1.139)
carry out the partial hydrolysis of heteroxylans releasing both of glucuronic and 4-
O-methylglucuronic acid residues.

o-p-Galactosidases has not been as thoroughly studied as other enzymes but
their specific activity is critical for the complete hydrolysis of softwood mannans.
The role of this enzyme is to catalyze the hydrolysis of a-D-galactosyl side groups
that are covalently linked to the O-6 position of the anhydro-p-mannose backbone
residues (Puls 1997).

In the case of o-arabinofuranosidases, besides being active on the removal of
side chains from xylans, some of these enzymes have been reported as catalytically
active in the hydrolysis of pectins, arabinans, and arabinoxylans (Hata et al. 1992;
Saha 2000; Ximenes et al. 1996). Besides, these enzymes are particularly
important for the deconstruction of the plant cell wall because arabinose units are
connected to ferulic acid residues in lignin carbohydrate complexes.

As mentioned earlier, acetyl groups are present in several types of hemicellu-
loses such as xylans and galactoglucomannans. In hardwood and herbaceous xy-
lans, the level of acetyl groups is much higher than in the case of softwoods.
However, acetyl groups can be removed from these polysaccharides by the action
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of acetyl xylan esterases (AXEs) and, like other enzymes already described in this
work, AXEs’ specificity depends on the nature of the substrate and its degree of
polymerization. Furthermore, AXEs can also show synergism with other enzymes
such as xylanases (Poutanen et al. 1990; Bartolome et al. 1997). For biorefinery
processes, the use of AXEs must be carefully planned because the release of acetyl
groups from the hemicellulose structure decreases the pH and this may be not
favorable to some fermenting microorganisms (de Mancilha and Karim 2003;
Martin and Jonsson 2003; Lima et al. 2004).

Non-saccharide side chains can also be found in hemicelluloses, such as in the
case of ferulic acid in herbaceous and hardwood xylans. Ferulic acid is normally
esterified at the C-2 position of an arabinosyl residue (Fig. 8.5a) and its role is
apparently associated to the three-dimensional stability of the polymer network
(Mathew and Abraham, 2004). Basically, ferulic acid units may be involved in the
crosslinking of adjacent xylan backbones by ether linkages forming diferulate
bridges, and may also play an important role in linking hemicelluloses directly to
the lignin component (Bartolome et al. 1997) (Fig. 8.1). Ferulic acid esterases
(FAEs) are responsible for removing ferulic acid decorations from xylans and
some of these enzymes are also effective in releasing coumaric acid from similar
chemical environments (Donaghy and McKay 1997). Likewise, some FAEs may
differ from each other by the affinity to the substrates that they act upon, either
polysaccharides (xylans and pectins) or substituted xylan oligomers (de Vries and
Visser 1999). Furthermore, new studies have demonstrated the presence of syn-
ergism between xylanases and FAEs, and also an enhanced catalytic activity in
FAE/xylanase fusion proteins (Faulds et al. 1995; de Vries et al. 2000; de Vries
and Visser 2001; Yu et al. 2003). However, likewise AXEs, the activity of FAEs
may lead to the release of aromatic compounds that are inhibitory to fermentation
microorganism.

The use of a specific ratio of hollocellulose degrading enzymes, including
EnGs, ExGs, fGs, xylanases, f-xylosidases, mannases, and [-mannases, is a
critical step toward the completed hydrolysis of lignocellulosic materials and this
ratio must be in agreement with the pretreatment technology applied in the process
(Vérnai et al. 2011). In the case of hemicelluloses, both debranching and de-
polymeration enzymes are required to improve the extent by which these poly-
saccharides are hydrolyzed. However, different criteria may apply when the
desired products are oligosaccharides with special properties for special uses.

The synergistic action among debranching and depolymeration enzymes with
different specificities has already been extensively reported. For instance, the
synergism between o-glucuronosidases and endoxylanases in the hydrolysis of
wheat xylans led to the highest release of 4-O-methylglucuronic acid (de Vries
et al. 2000). Therefore, a-arabinofuranosidases can act synergistically with many
different enzymes such as xylanases, acetyl xylan esterases, and ferulic acid
esterases (Kroon and Williamson 1996; Coutinho and Henrissat 1999; de Vries
et al. 2000; Puls 1997; Bachmann and McCarthy 1991).

The factors affecting the performance of hydrolytic enzymes in biorefinery
processes are diverse and originate from enzyme characteristic, process conditions,
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and substrates. The high catalytic efficiency of individual proteins and optimal ratio
of mixture components are the first prerequisites for efficiency. Thermal stability
has been shown to be beneficial for enzymes, due to better stability, higher con-
version rates, and flexibility in terms of process design (Viikari et al. 2007).
Nonproductive adsorption on biomass, especially on lignin reduces the availability
of enzymes for hydrolysis, and results in enzyme inactivation especially in high
temperature (Rahikainen et al. 2011). Enzyme inhibition has been extensively
studied, and it can be caused by several compounds, such as sugars and oligosac-
charides, various chemical compounds being often degradation products of bio-
mass, and also by each other on biomass surfaces. The inhibitory environment can
be improved by milder pretreatment conditions and by intelligent design of the
process. The behavior of enzymes in high dry matter conditions, applied in
industrial conditions differ clearly from that in laboratory conditions which are in
most cases used for screening and evaluation studies. High dry matter has conse-
quences in the performance of enzymes (e.g., Jorgensen et al. 2007) as well as to
fundamental features such as the effect of CBMs in hydrolysis (Varnai et al. 2013).

8.5 Lignin

Lignin is the most abundant polyphenolic compound in nature, reaching 20-30 %
of the lignocellulosic biomass produced worldwide (Fengel and Wegener 1989).
Its hydrophobic and complex structure is mainly formed by the following units:
4-(3-hydroxyprop-1-enyl)-phenol,  4-(3-hydroxyprop-1-enyl)-2-methoxyphenol
and 4-(3-hydroxyprop-1-enyl)-2, 6-dimethoxyphenol. Like hemicelluloses, the
lignin type and distribution depends on the plant species and varies from one tissue
to another. Besides, the chemical characteristics of isolated lignin depend largely
on the method used for extraction.

Unlike cellulose and hemicelluloses, the lignin building blocks or monomeric
units are not disposed in order and their crosslink includes ether linkages between
aromatic rings and aliphatic chains ($-O-4’ and O-o 4') and different carbon-to-
carbon bonds involving aliphatic chains (-, a-o/, and a-f’), aliphatic chains and
aromatic rings (8-5', -1/, a-1’, and f-6'), and aromatic rings (5-5") (Higuchi,
1985). According to Lee (1997), the most important linkages in the lignin structure
are the -1 and f-O-4 types, the latter of which corresponding to more than 50 %
of its polyphenolic structure. Figure 8.6 shows the model structure of a lignin
fragment derived from P. albis (Higuchi 1985) in close association with a feru-
loylated arabinoxylan, forming a lignin-carbohydrate complex.

Some microorganisms are able to produce lignin-degrading enzymes such as
lignin peroxidase (LiP) and manganese peroxidase (MnP), which are extracellular
heme proteins (Shin et al. 2005; Sharma et al. 2011). In a general, LiP catalyses the
conversion of aromatic compounds in the presence of H,O; to their corresponding
aldehydes or ketones, and the hydroxylation of benzylic methylene groups. On the
other hand, MnP may behave as an oxidase or a peroxidase (Singh et al. 2011).
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Fig. 8.6 Lignin fragments connected to an arabinoferuloylxylan residue

MnP acts by oxidating Mn>* to Mn** with H,O, in order to convert aromatic
compounds to polycyclic aromatic hydrocarbons (Steffen et al. 2002; Shin et al.
2005). Therefore, LiP and MnP are known as primary enzymes for degradation of
lignin. Besides the LiP and MnP, laccases are also known to degrade lignin to a
certain extent (Youn et al. 1995; Eggert et al. 1997). Several studies have dem-
onstrated the use of laccases in the detoxification of aromatic compounds but its
role in lignin degradation has not been well established as yet. Furthermore, it is
known that mushrooms can grow on lignocellulosic materials using plant carbo-
hydrates as the carbon source while secreting lignin-degrading enzymes.

In general, oxidative enzymes require the presence of cofactors such as
metallic ions and H,O, and for this reason it is very difficult to carry out a
bioprocess with simultaneous use of lignin-degrading enzymes and carbohydrate-
degrading enzymes. Therefore, for the biorefinery processes development based
on the use of the lignocellulosic materials, these enzymes are mainly useful for
the biological pretreatment of the substrate such as in the case of biopulping
(Aguiar and Ferraz 2012).
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8.6 The Role of Enzymes in the Biorefinery

Apart from improvements in the development viable enzyme technologies for
converting biomass to fuels and chemicals, insights on the pretreatment technol-
ogies of the lignocellulosic materials also represent a key factor for the industrial
biorefinery based on agroindustrial wastes. In other words, pretreatment is crucial
for the technical and economic viability of the overall process.

There are several pretreatment technologies already available for separating the
main plant cell wall components in different streams: steam explosion with and
without the use of an exogenous catalyst (Ramos 2003), dilute acid hydrolysis
(Larsson et al. 1999), liquid hot water (Laser et al. 2002; Mosier et al. 2005), wet
oxidation (Martin et al. 2007), ammonia fiber expansion (Balan et al. 2009;
Chundawat et al. 2010), alkali extraction (Gupta and Lee 2010), alkaline hydrogen
peroxide (Xiang and Lee 2000), organosolv extraction (Araque et al. 2008; Obama
et al. 2012), and treatment with ionic liquids (Li et al. 2010), among others. When
removed, hemicelluloses and lignin can be utilized in direct applications or as
precursors for a wide range of industrial chemicals and materials. For instance,
lignin can be directly used as a fuel (Menon and Rao 2012) or be converted
to many value-added products including activated carbon (Demirbas 2004),
binders (Dizhbite et al. 1999), dispersants, emulsifiers, and sequestrants (Suhas
and Ribeiro 2007; Adler, 1997), vanillin and polyurethanes (Borges da Silva et al.
2009). Lignin can also be used in blends with polyhydroxyalkanoates (Ghosh et al.
2000) and polylactides and polyglycolides (Doherty et al. 2011), in epoxy resins
(Wang et al. 1992) and as antioxidant in asphalts (Pan 2012). By contrast, he-
micelluloses such as xylans can be converted to furfural (Montané et al. 2002),
hydrogen (Caye et al. 2008), succinic acid (Nghiem, 2005), xylitol (Felipe et al.
1997), and xylooligosaccharides (Vazquez et al. 2000). Finally, apart from its
more classical uses, cellulose can be converted to glucose to produce ethanol
(Wyman 1994; Sun and Cheng 2002), lactic acid (Hofvendahl and Hahn-Héger-
dahl 2000), succinic acid (Wang et al. 2011), and acetic acid (Wang et al. 2013) by
fermentation, or used in pharmaceutical applications (Cherian et al. 2011) and as
reinforcing agent in nanocomposites (Alves et al. 2013).

Figure 8.7 shows a simplified scheme for a biorefinery based on lignocellulosic
materials. This biorefinery involves a multistep process in which the first step is
the pretreatment of the biomass to render its macromolecular components ame-
nable for further processing. The outputs of this process could be used as it is or be
converted into chemical building blocks for further processing into polymers,
chemicals, fuels, energy, and composite materials.

According to the applied pretreatment technology, different substrates are
produced and their chemical composition would require a different enzyme
composition for optimal enzymatic hydrolysis. In fact, this is a major challenge for
commercial enzymes because none of them can be claimed as universal in their
application to substrates with different compositional analysis and physical
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properties such as degree of crystallinity, degree of polymerization, particle size,
available surface area, and pore volume distribution.

Acid pretreatments tend to remove most of the hemicelluloses as water-soluble
mono- and oligosaccharides (the so-called hemicellulose hydrolysate), leaving a
lignocellulosic material whose hydrolysis would require an enzyme cocktail that
is less susceptible to hydrophobic interactions and to the inhibitory effects of
aromatic compounds such as phenolic acids derived from lignin. The immediate
consequence of this pretreatment option is the possibility of using the hemicel-
lulose hydrolysate for a variety of applications including ethanol production after
partial detoxification. Also, by enzymatic hydrolysis of acid-pretreated materials,
glucose is obtained as the main product and this could be one important issue for
the desired integration of cellulosic ethanol into the currently existing first-gen-
eration ethanol producing technologies. Finally, the lignin-rich residue obtained
after enzymatic hydrolysis could be used for co-generation or bioelectricity and
also for other applications in the fuel and chemical platforms.

Alkaline pretreatments are able to extract the lignin component of plant
biomass and depending on the extent of lignin extraction, the resulting fibrous
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material may be classified as holocellulose. In this case, higher hemicellulase
activities would be required in the enzyme cocktail to achieve complete hydrolysis
of the delignified cellulosic material. Alternatively, the hemicellulose component
could be extracted from these substrates in its poly- or oligomeric form, allowing
its use as a polyelectrolyte, sizing agents, food additives, thickeners, films, and as a
component of natural composites. Also, the lignin component can be obtained in
higher molecular mass and with a lower degree of condensation, opening a venue
of possible industrial applications in resins, emulsions, adsorbents, carbon fiber,
films, polymers, adhesives, and composites.

With the abundance of biomass wastes, the development of new technologies
that will make use of biomass for materials production beyond biofuels represents
an important opportunity to fully utilize the resources. Development of efficient
techniques to fractionate lignocellulosic biomass into its core components will
facilitate research on the production of specific biomass-derived sugars, building
block chemicals, and ultimately value-added commodity chemicals while pre-
serving the concept of the biorefinery approach by promoting effective utilization
of all feedstock fractions.
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