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Abstract

The environmental issues associated with the rapid depletion of fossil fuels have encouraged
the production of bioethanol from lignocellulosic biomass, the most abundant carbon resource
on earth. However, the key obstacles to this process are the recalcitrant structure of biomass
and low hydrolytic activities. Improvements to this process are ongoing, and some of the first
commercial facilities producing cellulosic ethanol were opened in 2013 and 2014. However,
there is an urgency to make the facilities more economically feasible. Enhancing cellulose
hydrolysis through enzyme synergy is essential for achieving higher hydrolysis rates, and
numerous research efforts have focused on trying to elucidate the enzyme mechanisms to design

optimal enzyme cocktails.

Most of the work reported in literature has been conducted on model substrates, however it has
been realised that model substrates may provide unrealistic insights into the interactions of the
enzymes on natural lignocellulosic substrates. Therefore this study strived to obtain a better

understanding of enzyme synergy using model and natural cellulosic substrates.

Firstly, the study assessed the biochemical properties of partially purified cellulases, which had
been expressed in Saccharomyces cerevisiae. The physico-chemical and kinetic characteristics
were also assessed to determine the factors that influenced their activities. The cellulases used
in this study were cellobiohydrolases (CBHI from Talaromyces emersonii and CBHII from
Chrysosporium lucknowense); endoglucanases (EGI from Aspergillus terreus and EGII from
Trichoderma reesei); and PB-glucosidase from Saccharomycopsis fibuligera. SDS-PAGE
analysis showed that the enzymes were glycosylated, and the estimated sizes for CBHI, CBHl|,
EGI, EGII and BGL were 66, 67, 57, 56 and >116 kDa, respectively. The substrate specificities
were Avicel, CMC and pNPG for CBHs, EGs and BGL, respectively. It was found that the
enzymes exhibited maximal activity at pH 4.5 - 5.5 and at 60°C, with the exception of BGL,
which exhibited maximal activity at 40°C, with stability studies showing that the cellulases
maintained >80% activity for 96 hours at their optimum temperature. Kinetic data showed that
all of the enzymes had low Kwm values for their preferred substrates and that the EGs and BGL
had high Vmax values, while the CBHs had low Vmax values.

Substrate characterisation was investigated prior to enzyme synergy. The three substrates that
were chosen for this study were Avicel, which was a representative model microcrystalline

substrate (>90% glucan); steam exploded bagasse (SEB), which was a representative of an




agricultural substrate and paper sludge (PS), which was a representative of a municipal
substrate. Chemical compositional analysis showed that SEB was composed of 42% glucan,
7.2% xylan, 5.8% mannan and 2.3% arabinan, 40% insoluble lignin and ash, and 1.2% soluble
phenolics, while PS was composed of 48% glucan, 2.7% xylan, 2.2% mannan, 3.9% galactan,
41.2% lignin and ash, and 1.2% soluble phenolics. During pretreatment, many compounds can
be produced that may have an effect on enzyme activity. This was assessed, and it was found
that compounds (currently unknown) present in SEB inhibited the activities of CBHI, CBHiI|,
and BGL by 40, 20 and 80%, respectively, while the activities of EGI and EGII were activated
by 5 and 50%, respectively. Compounds (unknown) in the PS activated the activities of CBHI,
CBHII, EGI, EGII and BGL by 157, 158, 34, 72%, respectively. Adsorption studies showed
that the enzymes were capable of binding to all three the substrates, but the most rapid
adsorption was to Avicel, followed by SEB and then PS. It was suggested that this was
attributable to the accessibility of the cellulosic surface area, and it would therefore have a direct
impact on their efficiency to hydrolyse their different substrates.

Synergy studies using the different combinations of cellulases on the substrates were conducted.
It was observed that the combined activities of various cellulase combinations enhanced the
hydrolysis of the three substrates. The observed trend for all three substrates was that a
combination of CBH and EG was required, and that CBH was required at a higher protein
concentration than EG. The combination 75% CBHI: 25% EGII produced the highest quantity
of reducing sugars for Avicel hydrolysis (0.88 mg/mL) after 24 hours, and the highest quantity
of reducing sugars for PS hydrolysis (0.49mg/mL) after 72 hours, while the combination of
75% CBHI: 25% EGI produced the highest quantity of reducing sugars for SEB hydrolysis
(0.75 mg/mL) after 72 hours.

Temporal studies on the optimal combinations were conducted to further investigate the
established interactions between cellulases on the substrates. The results indicated that over
time, different synergistic patterns were established for each substrate. Hydrolysis of Avicel
showed that the DS was highest at the initial stages of hydrolysis; SEB hydrolysis showed that
the DS varied throughout the course of hydrolysis, and the hydrolysis of PS showed that the DS
was highest in the middle stages of hydrolysis. Different synergistic models were proposed for
each observed trend and it was suggested that the major contributing factor for these results was
the characteristics of the substrate, such as its composition, availability of binding sites and
their 3D structures.




As the substrates contained small quantities of xylan (7.2 and 2.7% for SEB and PS,
respectively), intermolecular synergy between the optimal cellulase combinations and a
xylanase was investigated, to further assess whether this combination could boost the hydrolysis
of the three substrates. Results revealed that no improvements occurred when the xylanase was
added.

In conclusion, this study confirmed that cellulose hydrolysis can be enhanced by the activities
of endo- and exo- acting enzymes. However, the characteristics of a particular substrate has a
direct impact on their hydrolysis rates which, in turn, has an effect on synergistic interactions
that are established between them.
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Chapter 1: Literature review

Chapter 1: Literature review

1.1 Introduction

Fossil fuels (coal, oil and natural gas) are being depleted at an enhanced rate, due to the
continual growth in global population and industrialisation (Beukes and Pletschke, 2011). This
has raised issues of great worldwide concern, specifically with regards to the negative impact
it has on the environment, such as global climate change (Choi et al., 2014; Khan et al., 2013;
Yadav et al., 2014; Zabed et al., 2014). Consequently, to create a sustainable environment, there

is an urgency to replace non-renewable fossil fuels with renewable fuels (Babajide, 2013).

In particular, the transportation sector accounts for 20 - 25% of the world’s energy consumption,
and is still highly-dependent on conventional fossil fuels (Mller-Langer et al., 2014; Rodrique,
2013). This has encouraged global initiatives to replace petroleum-based technologies with
alternative, sustainable liquid transportation fuels (biofuels) (Banerjee et al., 2010; Cockeril
and Martin, 2008; Kumar ef al., 2013; Macrelli ef al., 2014). Some of the targets that have been
put forward globally are: 1) 25% of transportation fuels need to be replaced with biofuels by
2030 in Europe; ii) 30% of transportation fuels need to be replaced with biofuels by 2030 in
USA, and iii) 44% of transportation fuels need to be derived from biofuels by 2021 in Thailand
(Himmel et al., 2007; Kumar et al., 2013).

The vast majority of current biofuels are produced from sugar, starch and oils (first generation
biofuels), but emphasis is increasingly being placed on advanced biofuels from plant biomass
(Naik et al., 2010; Sims et al, 2010). Biomass has vast potential as a feedstock for biofuel
production, due to its abundance, feasibility and high polysaccharide content (~75%) (Kumar
and Wyman, 2009; Sweeney and Xu, 2012). Furthermore, it does not compromise food
security, therefore, it has a distinct advantage over first generation biofuels (Naik et al., 2010;
Raman and Mohr, 2014; Sims et al, 2010). Biomass can be derived from various sources,
including: 1) forest residues (hardwood and softwood); ii) agricultural residues (sugar cane
bagasse and corn stover); iii) municipal residues (paper waste); iv) dedicated energy crops
(Miscanthus, and switchgrass) and v) various grasses (Lee et al., 2014; Van Dyk and Pletschke,
2012).

Although plant biomass presents a feasible solution for the sustainable production of

transportation fuels, its recalcitrant structure presents a major challenge in achieving efficient
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Chapter 1: Literature review

biomass saccharification (Zhao et al., 2012). Consequently, various lignocellulose-degrading
enzymes are required to hydrolyse the different polysaccharides that constitute biomass into
sugars (Banerjee et al., 2010; Mohanram et al., 2013). However, the high cost of enzymes and
their low hydrolysis rates present additional barriers towards improving the economics of this
process (Banerjee et al., 2010; La Grange et al., 2010). Enhancing cellulose hydrolysis through
optimised enzyme synergy has gained significant attention in research with the aim of achieving
higher conversion rates and yields (Den Haan et al., 2013; Kim et al., 2014). Despite the
extensive research conducted on enzyme synergistic interactions, their exact mechanisms have
not been elucidated (Kostylev and Wilson, 2012). Furthermore, enzyme and substrate
characteristics play significant roles in enzyme synergy, and thus requires further research

(Beukes and Pletschke, 2011; Yang et al., 2011).

1.2 Lignocellulose chemistry: the structure of biomass

1.2.1 An overview of lignocellulose

Lignocellulose is the major structural component of plant biomass and is predominantly
composed of a meshwork of cellulose, hemicellulose and lignin (Figure 1.1.) (Horn et al., 2012;
Lee et al., 2014). Minor quantities of pectin, proteins and ash may also be present (Gandolfi et
al., 2013). Cellulose is the most abundant polysaccharide and provides the plant with strength
and rigidity, whereas hemicellulose is the second most abundant polysaccharide, made up of
varying amounts of xylan, mannan, galactan and arabinan (Shahzadi et al., 2014). Lignin is a
complex polyphenol that forms a protective sheath around the polysaccharides (Decker et al.,

2009). Depending on the type of biomass, their compositions may vary.
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Figure 1.1. The three components that make up the general structure of lignocellulose
(Adapted and modified from Tomme et al., 1995).
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1.2.2 The structure of cellulose

Cellulose is the major constituent of the plant cell wall, comprising approximately 40 - 50% of
the total biomass (Peciulyte et al., 2014; Vazana et al., 2013). It is also considered to be the
largest carbon resource on earth (Kumar and Murthy, 2013). Although it is predominantly found
in plant cell walls, it can also be produced by some animals (tunicates) and microorganisms
(fungi and bacteria) (Jalak et al., 2012; Lynd et al., 2002).

Cellulose is a homo-polysaccharide composed of unbranched B 1, 4-glycosidic linked glucose
monomers (Bayer et al., 1998; Howard et al., 2003; Teeri, 1997). The number of glucose
molecules per chain can range from 500 - 14000, with varied degrees of polymerization (DP)
(Bayer et al., 1998; Festucci-Buselli et al., 2007; Lynd et al., 2002). Through a high degree of
strong intra and inter molecular hydrogen bonds, the cellulose fibrils pack tightly together to
form microfibrils with cellobiose being the repeating unit on the chain (180’ rotation of sugars)
(Kim et al., 2014; Lynd et al., 2002; Moon et al., 2011). Approximately 36 microfibrils
aggregate into larger fibrils to form the framework of the cellulose fiber (Figure 1.2) (Horn et
al., 2012).

—,
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Figure 1.2. Structural overview of cellulose. Long chains of 1, 4-glycosidic linked glucose
monomers pack in a parallel arrangement to form microfibrils. The microfibrils aggregate
further to form macrofibrils, which form the framework for the cellulose fiber (Adapted from
Quiroz-Castarieda and Folch-Mallol, 2013).
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Cellulose is predominantly crystalline in nature, however, it also contains less ordered regions,
which are interspersed within the cellulose chain (Horn et al., 2012; Segato et al., 2012). These
regions are classified as the amorphous regions, thus making natural cellulose paracrystalline
in nature (loelovich et al., 2010; Park et al., 2010).

Cellulose can be found in different crystalline forms (polymorphs), including polymorph I, II,
[y, Hy, IViand 1Vy (Moon et al., 2011; O’Sullivan, 1997). However, only cellulose 1 and 11
are found in nature, of which cellulose I is the dominant form (Horn et al., 2012; Lavoine et al.,
2012; Lee et al., 1997; O’Sullivan, 1997). Cellulose | is further subdivided into allomorphs la
(less compact regions) which are composed of one cellulose chain per unit, and I, (compact
regions) which are composed of two cellulose chains per unit (Moon et al., 2011). The ratio of
la:lp varies between cellulose sources and are contributing factors towards the efficiency of
cellulose hydrolysis (Cui et al., 2014; Horn et al., 2012).

1.2.3 The structure of hemicellulose

Hemicellulose comprises approximately 25 - 35% of plant cell walls and is considered to be the
second largest carbon resource on earth, after cellulose (Bastawde, 1992; Shahzadi et al., 2014).
It is closely associated with cellulose and lignin through hydrogen bonds, thus contributing to

the overall recalcitrance of biomass (Moreira and Filho, 2008; Zhang et al., 2011).

Hemicellulose is less crystalline than cellulose and it is composed of various branched building
blocks, including pentoses (p-xylose, p-arabinose), hexoses (b-mannose, b-glucose) and sugar
acids (o-p-glucuronic and a-4-O-methyl-p-glucuronic acids) (Figure 1.3A) (Horn et al., 2012;
Mohanram et al., 2013; Van Dyk and Pletschke, 2012). Hemicellulose can generally be
classified as xylans or mannans, according to the main sugar in its backbone (Moreira and Filho,
2008; Van den Brink and de Vries, 2011; Wagschal et al., 2009). The distribution of
hemicellulose varies between softwoods and hardwoods, whereby mannan and xylan are the
most dominant hemicellulosic components found in each biomass, respectively (Moreira and
Filho, 2008; Ramos, 2003; Yamabhai et al., 2014).

1.2.3.1 Xylan

Xylan is the most abundant hemicellulose in nature and is composed of branched B 1, 4- linked
p-Xylopyranosyl residues (Zhang et al., 2011). The most dominant xylans in nature are the
heteroxylans, which are modified by various substituents in their backbone (Zhao et al., 2012).

These substituted residues can either be 1, 2 linked a-p glucuronic acid or 4-O-methyl-a-b
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glucuronic acid, which are predominantly found in hardwoods; or 1, 2 and 1, 3 a-linked
arabinose which are predominantly found in softwoods (Sunna and Antranikian, 1997;
Wagschal et al., 2009). Acetylation at the C-2 or C-3 position may also occur, but this is
predominantly found in hardwoods (Zhang et al., 2011).

1.2.3.2 Mannan

Mannan is a linear polysaccharide composed of B 1, 4 linked b-mannopyranose residues and is
mainly found in softwoods and in endosperm seeds (Malgas et al., 2015). Mannans may also
exist as galactomannans, with the backbone composed of mannan residues; or glucomannans
with the backbone composed of glucose and mannan residues to varying degrees (Moreira and
Filho, 2008; Petkowicz et al., 2001). The chains may be substituted with a-p galactosyl
residues, therefore glucomannans can in turn give rise to galactoglucomannans (Malgas et al.,
2015; Yamabhai et al., 2014).

1.2.4 Lignin

Lignin constitutes approximately 10 - 25% of plant cell walls, and is not considered a
polysaccharide (Mohanram et al., 2013; Shahzadi et al., 2014). It is a hydrophobic, complex
polyphenol that forms a protective sheath around the polysaccharides through various ester and
ether linkages (Decker et al., 2009; Horn et al., 2012; Perez et al., 2002). Thus, it provides
mechanical strength to the plant, making it highly resistant to microbial degradation (Hendriks
and Zeeman, 2009; Van Zyl et al., 2010; Yang et al, 2011). Furthermore, studies have reported
that the presence of lignin may lead to non-productive binding of cellulases through
hydrophobic interactions, thereby restricting the access of cellulases to the cellulose chain
(Haven and Jgrgensen, 2013; Rahikainen et al., 2013).

Lignin is composed of various aromatic groups, depending on the degree of alcohol
methoxylation, including i) phenylpropanoids p-hydroxyphenyl; ii) guaiacyl and iii) syringyl
monolignols (Karp et al., 2013; Ramos, 2003) (Figure 1.3B). Depending on the plant species,
the relative composition of monolignols may vary (Ramos, 2003). Softwoods contain mostly
guaiacyl lignin, whereas hardwoods contain a combination of both guaiacyl and syringy! lignin.

All three monolignols are found in grasses (Horn et al., 2012).
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Figure 1.3. The chemical structures of (A): the different hexoses and pentoses of
hemicellulose and (B): the different phenolic groups of lignin (Adapted from Pierson et al.,
2013).

1.3 Microbial biomass degradation

A consortium of lignocellulose degrading enzymes are required to efficiently degrade the
polysaccharides (cellulose and hemicellulose) present in biomass (Peciulyte et al., 2014; Van
den Brink and de Vries, 2011). These enzymes (complexed or non-complexed systems) are
mainly produced by microorganisms such as fungi and bacteria (Gusakov et al., 2006;
Mohanram et al., 2013). Fungi are the most attractive candidates for producing enzymes
required for cellulose degradation, as they are well-known agents of decomposition of organic
matter, particularly cellulosic substrates (Gusakov et al., 2006; Lynd et al., 2002). Examples of
well characterised fungi include Humicola insolens, T. reesei, Phanerochaete chrysosporium
and Penicillium pinophilum (Bhat and Bhat, 1997). In contrast, bacteria are reported to be the
best producers of enzymes required for hemicellulose degradation. The most characterised

bacteria include Bacillus, Erwinia, Cellulomonas and Clostridium (Mohanram et al., 2013).
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1.3.1 Enzyme classification

The enzymes required to degrade polysaccharides are classified as glycosyl hydrolases (GH)
(enzymes with the ability to hydrolyse glycosidic bonds between sugars) (Bayer, 1998;
Peciulyte et al., 2014). Enzymes are classified by the Nomenclature Committee of the
International Union of Biochemistry and Molecular Biology (NC-ITUBMB) which has assigned
a four digit number (Enzyme classification (EC number)) to each enzyme. The EC number is
based on their specificities for a particular substrate and does not provide any information
regarding their structural characteristics (Aspenborg et al., 2012). However, classification may
be challenging, due to the broad substrate specificities exhibited by some hydrolases
(Aspenborg et al., 2012; Naumhoff, 2011). Consequently, Henrissat (1991) grouped GHs into
different families, based on their evolutionary origins (similarities in sequence homology and
folding characteristics). As of January 2015, GH’s have been divided into 133 families on the
online carbohydrate active enzyme (CAZy) database (http://www.cazy.org/). A summary of

classifications for the major hydrolases are presented in Table 1.1.

Table 1.1 Classification of the major glycoside hydrolases (Information retrieved from CAZy)

Enzyme EC number Family Reaction mechanism 3D structure
Cellobiohydrolase | 3.2.1.91 6 Inverting -
3.2.1.176 7 Retaining B-jellyroll
3.2.1.176 48 Inverting (o/0)s
Endoglucanase 3214 5 Retaining (B/o)s
6 Inverting )
7 Retaining B-jellyroll
9 Inverting (a/a)e
12 Retaining B-jellyroll
45 Inverting -
B-glucosidase 3.21.21 1 Retaining (B/a)s
3 Retaining -
5 Retaining (B/a)s
Xylanases 3.2.1.8 10 Retaining (B/a)s
11 Retaining B-jellyroll
Mannanases 3.2.1.25 5 Retaining (B/a)s
3.2.1.78 26 Retaining (B/a)s
3.2.1.78 113 Retaining (B/a)s

The mechanism by which GHs cleave glycosidic bonds is based on a general acid base catalysis
mechanism (carboxylate groups act as a proton donor or a nucleophile/base), leading to either:
I) net retention (single displacement) or ii) net inversion (double displacement) of the anomeric
carbon configuration (Figure 1.4) (Bayer et al., 1998; Dashtban et al., 2009).
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Figure 1.4. The general acid to base hydrolysis of a glycosidic bond with an (A): inversion
mechanism and (B): retention mechanism (Adapted from McCarter and Withers, 1994).

1.3.2 Enzymes required to degrade cellulose

The degradation of cellulose requires the co-operative activities of multiple cellulolytic
enzymes namely: i) cellobiohydrolases (CBH1, EC 3.2.1.176; CBHII, EC 3.2.1.91); ii)
endoglucanases (EGI, 3.2.1.4; EGII, EC 3.2.1.4) and iii) B-glucosidases (EC 3.2.1.21) (Figure
1.5) (Ganner et al., 2012; Horn et al., 2012; VVan den Brink and de Vries, 2011; Warden et al.,
2011; Zhou et al., 2009).

1.3.2.1 Cellobiohydrolases (EC 3.2.1.91 and EC 3.2.1.176)

Fungal CBHs are grouped into GH families 6, 7 and 48 (Imai et al., 1998). They are the most
abundant enzymes produced by cellulolytic fungi (50 - 70%), and are the major cellulases
responsible for degrading highly crystalline cellulose (Boisset et al., 2000; Den Haan et al.,
2013, Imai et al., 1998). CBHs act processively from the chain ends, liberating cellobiose from
either the reducing ends (CBHI) or non-reducing ends (CBHII) (Dashtban et al., 2009; Horn et
al. 2012; Nutt et al., 1998). However, it has been reported that CBHII can also degrade
amorphous regions, therefore, it has been classified as a bi-functional enzyme (Ganner et al.,
2012; Teleman et al., 1998). Due to their specificities for opposite ends of the cellulose chain,
the combined activities of CBHI and CBHII may enhance the overall degradation of cellulose
(Barr et al., 1996; Nutt et al., 1998; Wood and Mcrae 1979).
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CBHs are modular enzymes that possess enclosed tunnel-like active sites which allow them to
initiate a processive mode of action from the chain ends (Granum et al., 2014). The active sites
are connected to a catalytic domain (CD) and a carbohydrate-binding module (CBM) through
a flexible linker peptide (Eriksson et al., 2002; Grassick et al., 2004; Segato et al., 2012). The
presence of CBMs are essential for CBH activity as they are believed to bring the enzyme and
substrate in close proximity to each other, leading to increased enzyme activity (lgarashi et al.,
2009; Jalak et al., 2012; Teeri, 1997).

1.3.2.2 Endoglucanases (EC 3.2.1.4)

Fungal EGs belong to GH families 5, 6, 7, 9, 12 and 45 (Okada et al., 1998; Vlasenko et al.,
2010). Endoglucanases are responsible for cleaving random sites in the amorphous regions of
the cellulose chain, thus decreasing the DP of the substrate (Beldman et al., 1988; Ganner et
al., 2012; Lee, 1997; Nidetzky et al., 1994). The ability of the EGs to bind internally to the
cellulose chain is linked to its open active site, which is in the shape of a cleft or a groove
(Eriksson et al., 2002; Teeri, 1997). Conversely, some studies have shown that EGs may
possess a modular architecture similar to that of the CBHSs, thus allowing them to act in a
processive manner (Teeri, 1997; Zhang and Zhang, 2013). There has been evidence that GH
families 5, 7, 9, 12 and 45 lack CBMs, whereas GH family 6 has been found to carry a CBM
(Forseberg et al., 2014).

1.3.2.3 p-glucosidases (EC 3.2.1.21)

Fungal BGLs are grouped into GH families 1, 3 and 5 (Nijikken et al., 2007, Singhania et al.,
2013). They are the key enzymes accountable for catalysing the complete hydrolysis of
cellulose (Lima et al., 2013; Singhania et al., 2013). They do not show any activity on
crystalline cellulose, but are responsible for converting cello-oligosaccharides and cellobiose
into glucose monomers, which results in reduced product inhibition of upstream enzymes
(Kostylev and Wilson, 2012; Sgrensen et al., 2013). The crystal structure of BGL has not been
documented sufficiently; however, it has been proposed that BGLs contain pocket-like active
sites, allowing them to bind to cellobiose which is converted into glucose (Zhang and Zhang,
2013).

1.3.2.4 Other enzymes required for cellulose degradation

Although the key enzymes required for cellulose degradation are CBHs, EGs and BGLs, other
proteins have been shown to contribute to the overall degradation of cellulose by increasing
cellulose accessibility (Arfi et al., 2014; Horn et al., 2012; Peciulyte et al., 2014). In doing so,
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they offer great potential for reducing overall enzyme production costs (Wu et al., 2013). These

proteins are:

1.2.3.4.1 Lytic polysaccharide monooxygenases (LPMOs)

LPMO’s are newly discovered oxidative enzymes which have been found to enhanc cellulose
degradation (Arfi et al., 2014; Book et al., 2014; Horn et al., 2012; Morgenstern et al., 2014).
These enzymes were previously classified as GHs (previously thought to have endoglucanase
activity), but further investigations revealed that these enzymes could not hydrolyse
lignocellulosic substrates and were therefore classified as auxillary activities (AA) (Langston
et al., 2011). LPMQ’s cause disruptions in the cellulose chain through the oxidation of a
glucose molecule at the C-1 and C-4 positions, resulting in the formation of an aldic acid and
a keto-aldose moiety, respectively (Arfi et al., 2014; Wu et al., 2013). Some LPMO’s have
also shown to oxidise glucose molecules at position C-6. According to Forseberg et al. (2014),
oxygen boosts the activities of fungal enzymes on the cellulose chain. The activities of LPMOs
are dependent on a metal (copper) catalytic site and the presence of reducing agents (cellobiose
dehydrogenase, gallate and ascorbate) or non-carbohydrate species in the lignocellulosic
biomass (Wu et al., 2013).

LPMO’s have been classified into 3 families - the fungal AA9 (GH61) and the bacterial AA10
(CBM33) are the two most common families. Family AA1l has only recently been
characterised but shows similar structural characteristics to the AA9 and AA10 families
(Forseberg et al., 2014; Morgenstern et al., 2014). Their ability to bind to the cellulose surface
is linked to their flat binding sites, which aligns with the cellulose microfibrils (Forseberg et
al., 2014; Wu et al., 2013).

1.2.3.4.2 Carbohydrate binding modules (CBMs)

CBMs are modular accessory domains (consisting of amino acid sequences) that are attached
to cellulases through a linker peptide (Eriksson et al., 2002; Grassick et al., 2004). Currently,
CBMs are classified into 67 families, and the CBMs from family 1 are the most commonly
found (Chen et al., 2014). Their proposed functions include: i) directing the cellulases to their
specific substrate binding sites; ii) increasing the concentrations of enzyme onto the cellulose
surface, and iii) loosening the substrate by disrupting the tightly packed cellulose chains (Kim
et al., 2014). Similar to LMPO’s, they contain flat binding sites and their association with

cellulose is as a result of hydrophobic interactions.
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1.2.3.4.3 Swollenins and expansins
These proteins are responsible for loosening and disrupting the substrate to increase the
accessibility of cellulases to cellulose (Arantes and Saddler, 2010). It has been proposed that
the hydrogen bonds between microfibrils are disrupted in the presence of these proteins (Kang
et al., 2013; Saloheimo et al., 1988).
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Figure 1.5. Enzymes required for cellulose degradation. CBHs degrade crystalline cellulose,
whereas the EGs degrade the amorphous regions. BGLs convert cellobiose to glucose,
alleviating product inhibition. Accessory enzymes contribute to the overall degradation of the
substrate (Adapted from Horn et al., 2012).

1.3.3 Enzymes required to degrade hemicellulose

1.3.3.1 Xylanases (EC 3.2.1.8)

The degradation of xylan requires the co-operative activities of multiple xylanases (Hu et al.,
2011; Zhang et al., 2011). Bacterial xylanases are grouped into families 10 and 11, based on
their secondary structures, molecular weights and isoelectric points (pl) (Wong et al., 1988).
The key xylanases are: i) endo-1, 4-f-p-xylanases (EC 3.2.1.8) which are responsible for
cleaving the xylan backbone to give rise to shorter oligosaccharides, and ii) 1, 4-5-p-xylosidases
(EC 3.2.1.37) which are responsible for hydrolysing xylo-oligosaccharides to p-xylose from the
non-reducing end of the xylose chain (Sunna and Antranikian, 1997; Van Dyk and Pletschke,
2012). Additional enzymes such as arabinofuranosidases (EC 3.2.1.55), a-p-glucuronidases
(EC 3.2.1.131) and phenolic esterases (EC 3.1.1.73) are required to liberate the substituted

11
An investigation into the synergistic action of cellulose degrading enzymes on complex substrates




Chapter 1: Literature review

residues from the xylan backbone, thereby contributing to the overall degradation of xylan
(Meyer et al., 2009; Sweeney and Xu, 2012).

1.3.3.2 Mannanases (EC 3.2.1.25 and EC 3.2.1.78)

The degradation of mannan requires the co-operative activities of multiple mannanases which
are grouped into families 5, 26 and 113 (Malgas et al., 2015; Van Zyl et al, 2010). The key
mannanases are: 1) B-mannanases (EC 3.2.1.78) which are responsible for cleaving the mannan
backbone to give rise to shorter oligosaccharides; ii) f-mannosidases (EC 3.2.1.25) which are
responsible for hydrolysing the manno-oligosaccharides into mannose monomers from the non-
reducing end of the mannan chain, and iii) f-glucosidases which are responsible for hydrolysing
the oligosaccharides into glucose monomers (Shallom and Shoham, 2003). Additional enzymes
such as galactosidases (EC 3.2.1.22) and acetyl-mannan esterases (EC 3.1.1.6) are required to
liberate the substituted residues from the mannan backbone, thereby contributing to the overall
degradation of mannan (Moreira and Filho, 2008; Yamabhai et al., 2014).

1.3.4 Enzymes required to degrade lignin

The degradation of lignin requires enzymes such as such as manganese peroxidase (MnP) (EC
1.11.1.13), lignin peroxidase (LiP) (EC 1.11.1.14) and laccase (EC 1.10.3.2) (Lee, 1997). These
enzymes are responsible for catalysing the oxidation of phenolic compounds (Chen et al., 2012;
Howard et al., 2003).

A summary of the key enzymes required for lignocellulose degradation is presented below
(Table 1.2).

Table 1.2 Key enzymes required for biomass degradation (Modified from Lima et al., 2001)

Constituent Chain residue Branch residue | Enzymes
Cellulose Glucose CBHI; CBHII, BGL; LPMO’s;
expansins swollenins; CBMs
Xylan Xylose Endo-B xylanase; - xylosidase
Arabinose Arabinofuranosidase

Glucoronic acid | Glucuronosidase
Acetyl esterase | Phenolic esterases

Mannan Mannose Endo-p mannanase; - mannosidases
Galactomannan | Mannose Galactose Endo-f mannanase; B-mannosidase;
a-galactosidase; esterases
Glucomannan Glucose + Mannose | Galactose Endo-B mannanase; f-mannosidases;
B-glucosidases; esterases
Lignin MnP, LiP and laccases
12
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1.4 Enzyme synergy

Lignocellulose is a complex substrate that requires a consortium of lignocellulose degrading
enzymes for its degradation into monomeric sugars (Banerjee et al., 2010; Mohanram et al.,
2013). When the combined activities of two or more enzymes increase the overall rate of
substrate hydrolysis, as opposed to the theoretical sum of their activities when acting
independently on a substrate, they are said to be acting in synergism (Lynd et al., 2002; Olver
et al., 2011; Van Dyk and Pletschke, 2012; Zhou et al., 2009).

1.4.1 Degree(s) of synergy

The degree of synergy (DS) is a quantitative measure used to determine whether enzymes
interact synergistically to enhance the overall hydrolysis of a particular substrate (Jalak et al.,
2012; Van Dyk and Pletschke, 2012). The DS is calculated by dividing the amount of reducing
sugars produced by an enzyme cocktail by the theoretical sum of reducing sugars produced by
their independent activities (Andersen et al., 2008; Van Dyk and Pletschke, 2012). The three
outcomes for DS are: i) DS > 1 when enzymes act synergistically to degrade a substrate; ii) DS
= 1 when the activity of one enzyme does not facilitate the activity of another enzyme: ie no
synergy, and iii) DS < 1 when enzymes do not interact synergistically, but could be a result of
competitive behaviour (enzymes competing for the same binding sites) (Hu et al., 2011; Van
Dyk and Pletschke, 2012). The DS can be influenced by factors such as enzyme characteristics
(ratios of enzyme in a mix) and substrate characteristics (recalcitrance, DP and chemical
composition) (Hu et al., 2015; Jalak et al., 2012).

1.4.3 Synergistic interactions

Investigating the synergistic interactions between lignocellulose degrading enzymes has been
the subject of extensive research in an attempt to improve biomass hydrolysis and alleviate high
enzyme costs (Kallioinen et al., 2014; Olver et al., 2011). The most widely documented
phenomenon is the synergy that occurs between cellulases (Boisset et al., 2000; Morais et al.,
2010; Olver et al., 2011; Teeri, 1997; Woodward, 1991). Intermolecular synergy between
cellulases and xylanases has also been reported, however, this type of synergy is not as

extensively studied as the synergy between cellulases (Bura et al., 2009; Hu et al., 2011).

1.4.3.1 Intra- molecular synergy between cellulases
Numerous types of synergy between the various classes of cellulose-degrading enzymes have

been investigated and proposed (Table 1.3). In particular, the most characterised cellulase

13
An investigation into the synergistic action of cellulose degrading enzymes on complex substrates




Chapter 1: Literature review

synergism systems are: i) endo-exo synergism, whereby CBHs act on the new chain ends
generated by the activities of the EGs, and ii) exo—exo synergism, whereby CBHs degrade
cellulose chains at opposite ends (Henrissat et al., 1985; Tomme et al., 1990; Valjamae et al.,
1999). Furthermore, the addition of a B-glucosidase is believed to prevent product inhibition of
upstream enzymes by converting cellobiose into glucose, thus contributing to the overall
degradation of cellulose (Kostylev and Wilson, 2012). Other types of synergism that have been
reported include endo-endo synergism (endoglucanases attacking different sites on the chain)
and intramolecular synergy between catalytic domains and CBMs (Din et al., 1994; Lamed et
al., 1991; Woodward, 1991). For the past few decades, various hypotheses have been proposed
to explain these synergistic interactions, however, the most widely accepted enzyme synergy
model is based on the hypothesis that enzymes work on different regions on the substrate
(crystalline or amorphous regions or reducing and non-reducing sides), thus exposing or
creating new sites to facilitate the action of another enzyme (Kosytlev and Wilson, 2014; Wood
and Mcrae, 1994). It has been reported that this is an over-simplification of a far more complex
process (Hu et al., 2015; Jalak et al., 2012; Kostylev and Wilson, 2012). New paradigms for

enzyme synergy have been proposed in literature, including:

1.43.1.1 Surface erosion model

Véljamée et al. (1998) studied the hydrolysis of bacterial cellulose (BC) using two cellulases.
They proposed a surface erosion model for enzyme synergy, which is complementary to the
endo-exo synergism model. This model is based on the hypothesis that the processive action of
the one enzyme (CBHI) alters the substrate structure, thereby creating obstacles that hinders its
own activity (can no longer bind to the substrate). However, the eroded substrate is made more
accessible for the activity of another enzyme (CBHII or EG), thus cellulose degradation is
enhanced. Kostylev and Wilson (2014) similarly proposed this synergism model, however, they
hypothesised that the roles of the enzymes were reversed (EG erodes the surface, making the

substrate more hydrolysable for CBH).

1.4.3.1.2 “Traffic jam” effect

Igarashi et al. (2011) used Atomic Force Microscopy (AFM) to study the action of cellulases,
and proposed that synergy was a result of a traffic jam effect. It was proposed that obstacles
present in the cellulose chain impedes the activity of a particular enzyme. Other enzymes
facilitate the action of the blocked enzyme to overcome the obstruction in the cellulose chain.
This causes cellulose “peeling”, which increases the accessibility of cellulases to the substrate,

thus increasing overall cellulose hydrolysis.
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1.4.3.1.3 “Substrate polishing” effect

Ganner et al. (2012) studied the mechanistic actions of CBHI, CBHII and EG on a polymorphic
cellulosic substrate, using AFM. Their studies interestingly found CBHII to display EG activity,
due to its ability to degrade amorphous cellulose. It was therefore put forward that CBHII was
a bi-functional enzyme. Furthermore, their results indicated that crystalline cellulose is covered
by amorphous cellulose and that CBHII and EG are required to remove the amorphous regions.
In doing so, they polish (expose) the crystalline regions in the cellulose chain, which ultimately

requires the activity of CBHI for its hydrolysis.

1.4.3.2 Inter-molecular synergy between cellulases and xylanases

Some studies have been reported that cellulose hydrolysis may be enhanced by the synergistic
interactions between cellulases and xylanases (Table 1.4) (Hu et al., 2011; Kumar and Wyman,
2009). Cellulose and hemicellulose are closely associated with each other through various
covalent bonds (Moreira and Filho, 2008; Zhang et al., 2011). Therefore, xylanases may
contribute to the overall hydrolysis of cellulose by removing the hemicellulosic component
(xylan) in biomass that restricts the accessibility of cellulases to cellulose (Hu et al., 2011;
Kumar and Wyman, 2009; Zhang et al., 2011).

1.5 Biomass pre-treatment

The major bottleneck in achieving efficient biomass saccharification is overcoming the
recalcitrant structure of plant biomass. This necessitates that a pre-treatment step to be
conducted on the substrate to break the bonds between the lignin-polysaccharide complex, thus
opening up the substrate to allow enzymes more accessibility to the polysaccharides (Karp et
al., 2013; Van Dyk and Pletschke, 2012). Various pre-treatment methods been reported in
literature, including acid pre-treatment (Chandel et al., 2007), alkaline pre-treatment (Rabelo et
al., 2011), ammonia fibre explosion (Krishnan et al., 2010), biological pre-treatment
(Camassola and Dillon, 2009), liquid hot water pre-treatment (Allen et al., 1996), organic
solvent pre-treatment (Pasquini et al., 2005), steam explosion (Rocha et al., 2012) and wet
oxidation pre-treatment (Martin et al., 2008).
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Table 1.3 Synergy studies between cellulases on various cellulosic substrates reported in
literature (Intra-molecular synergy)

Cel6B (CBH II)*

Substrate Organism Enzymes Reference
Phosphoric acid H. insolens Cel6A (CBHII); Andersen et al., 2008
Cel45A (EGV)?
Bacterial ribbons H. insolens Cel6A (CBHI); Boisset et al., 2000
Cel7A (CBHI);
Cel45A (EG)?
Avicel T. reesei CBHI Bothwell et al., 1993
Thermomonospora fusca EGII/EGIII
Auvicel C. lucknowense Cel7A (CBHI); Den Haan et al.,
T. reesei Cel5A (EGII)? 2013
Avicel and T. reesei CBHI Fagerstam and
Whatman paper CBHII Pettersson,1980
PASC T. reesei CBHII Fujita et al., 2004
EGII?
Cotton cellulose C. lucknowense Cel7B (CBH D); Gusakov et al., 2006

Pre-treated T. reesei Cel6A Hu et al., 2015

lodgewood pine CelA

and corn stover Cel7B
Cel5B?

Filter paper T. reesei CBHI Irwin et al., 1993
CBHII?

Steam pre-treated T. reesei Cel7A (CBHD); Kallioinen et al.,

wheat straw Cel6A (CBHII); 2014
Cel5A (EGII)?

Cotton cellulose T. reesei CBHII Kleman-Leyer et al.,
EGII? 1996

Avicel T. reesei CBHI; Medve et al., 1998
EGII

Filter paper T. reesei CBHI; Nidetzky et al., 1994
CBHII?

Avicel Humicola grisea CBHI Takashima et al.,
EGIII 1998

Avicel Neurospora crassa CBHI; Phillips, 2011
Cel6A (CBHI);
CELS5A (EGI)?

Avicel T. reesei CBHI; Woodward et al.,
CBHII 1988
EGII?

Bacterial cellulose | T. reesei CBHI; Véljamée et al., 1999
EGI?

Filter paper Phialophora Cel6A (CBHII); Zhang et al., 2012
Cel45A (EG)

Steam exploded Trichoderma viride Cel6A (CBHI); Zhou et al, 2009

cornstover Cel7A (CBHII);
Cel7B?

B-glucosidase supplementation

16

An investigation into the synergistic action of cellulose degrading enzymes on complex substrates




Chapter 1: Literature review

Table 1.4. Synergy studies between cellulases and xylanase on various cellulosic substrates

reported in literature (Inter-molecular synergy)

Substrate Organism Enzymes Reference
Steam pre-treated Accelerase 1500 Alviraetal., 2011
wheat straw XynC?
Wet oxidized corn | T. reesei Cel7A (CBHI); Benko et al., 2008
stover CeL6A (CBHII);
Cel5A (EGII);
Cel74A (Xyn)?
Steam pre-treated Celluclast Bura et al., 2009
corn stover Multifect Xylanase?
Steam pre-treated Aspergillus awamori Xyn; Choudhary et al.,
rice straw Cellulase? 2014
AFEX pre-treated T. reesei CBHI; Gao et al., 2011
corn stover CBHll;
EGII;
Clostridium thermocellum, Xynl0;
Geobacillus Xyn11?
thermodenitrificans
Steam pre-treated Celluclast; Garcia-Aparicio et
barley straw Shearzyme? al., 2007
Steam pre-treated T. reesei Celluclast Hu et al., 2011
corn stover Multifect Xylanase?
Pre-treated wheat T. reesei Cel7A (CBHD); Kallioinen et al.,
straw Cel6A (CBHII); 2014
Cel7B (EGI);
Cel5A (EGII);
Xyn11A?
AFEX pre-treated Spezyme cellulase; Kumar and
poplar Multifect Xylanase? Wyman, 2009
Superfine ground T. reesei Celluclast; Lietal., 2014
sugarcane bagasse | Trichoderma Xyn2
longibrachiatum
Pre-treated corn T. reesei Cel7A(CBHI) Selig et al, 2008
stover Thermomyces lanuginosus XynA

Steam pre-treated

T. reesei

CeL7A (CBHI);

Zhang et al., 2013

rice straw; CeL6A (CBHII);
giant reed CeL5A (EGII);
Thermoascus aurantiacus Xyn102
Hydrothermally T. aurantiacus CBHI; Zhang and Viikari,
pre-treated corn EGII; 2014
stover Xyn?

4B-glucosidase supplementation
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1.6 Problem statement

The large percentage of underutilised cellulose (glucan) in lignocellulosic biomass makes it one
of the most promising feedstocks for the production of sustainable liquid transportation fuels
(Kumar and Wyman, 2009; Sweeney and Xu, 2012). It is well documented that cellulases can
efficiently degrade its recalcitrant structure, thus advancements in the commercialisation of
cellulosic fuels are ongoing. However, the low enzyme activities on a substrate associated with
high enzyme costs, necessitates the urgency to improve these facilities to make them more

economically feasible (Limayem and Ricke, 2012; Zhao et al., 2012).

Enhancing cellulose hydrolysis through enzyme synergy shows potential for achieving higher
conversion rates and yields from complex substrates. However, the mechanisms behind their
interactions have not been elucidated completely, and due to the contradictions reported in
literature, there are still major gaps in our understanding of enzyme synergy (Ganner et al.,
2012; Kostylev and Wilson, 2012). It has been proposed that enzyme and substrate
characteristics are the major contributing factors that influence enzyme synergy (Hu et al.,
2014; Van Dyk and Pletschke, 2012). Investigating the synergistic interactions between
enzymes on various substrates, including model and natural substrates, could potentially
provide useful insights into obtaining a better comprehension of enzyme mexhanisms. This
could ultimately provide a platform for the development of better enzyme cocktails for

improved cellulose hydrolysis.

1.7 Hypothesis
Exo- and endo-type cellulases can act synergistically to degrade complex cellulosic substrates,
and the characteristics of a particular substrate directly influences cellulase synergism; thus an

understanding of enzyme and substrate characteristics can assist in elucidating enzyme synergy.

1.8 Aims and Objectives

1. To characterise pure fungal cellulolytic enzymes (CBHI; CBHII; EGI; EGII and BGL) and
determine the conditions required for optimal cellulase activity;

2. To characterise three cellulosic substrates (Avicel; steam exploded bagasse and paper sludge)

and elucidate substrate-enzyme interactions;
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3. To establish the synergistic interactions between various combinations of cellulases on
cellulosic substrates and determine the combinations required for optimal cellulose hydrolysis
(intra-molecular synergy);

4. To establish the synergistic interactions between cellulases and a xylanase, and determine

whether their interactions can lead to enhanced cellulose degradation (inter-molecular synergy).

1.9 Overview of thesis

The fungal cellulases (expressed in Saccharomyces cerevisiae) were kindly provided by Prof.
W.H van Zyl (Stellenbosch University). The enzymes were fully characterised based on their
substrate specificities, physicochemical characteristics and kinetic parameters (Chapter 2). The
conditions required for optimal enzyme activity were obtained. The characteristics of three
substrates, namely a model microcrystalline substrate, Avicel and two natural substrates,
namely steam exploded bagasse and paper sludge were determined (Chapter 3). These studies
focused on determining the chemical composition of each substrate, performing histochemical
assays for lignin, determining the presence of potential inhibitors present in the substrates as
well as investigating substrate-enzyme interactions by simple binding assays. In Chapter 4, the
synergistic interactions between the cellulases were investigated and the optimal binary-
synergy combination for each substrate was established. The effect of time on synergy was also
investigated. Furthermore, inter-molecular synergy between the optimal binary cellulase
combination and a xylanase was investigated. A general discussion and future

recommendations is provided in Chapter 5.
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2.1 Introduction

Cellulose offers great potential as an alternative primary energy source for the production of
sustainable liquid transportation fuels (Jorgensen et al., 2007; Van Hanh et al., 2009). Efficient
cellulose hydrolysis can be achieved by the activities of cellulases from microbial systems, due
to their ability to hydrolyse the B-1, 4 glycosidic bonds between glucose molecules (Bayer et
al, 1998; Ganner et al., 2012). The major challenges associated with cellulases are their low
hydrolytic activities and their high costs. Consequently, there is ongoing research to improve
these activities (Banerjee et al., 2010; La Grange et al., 2010). Investigating the factors that
influence enzyme activity, specifically their biochemical, physico-chemical and Kinetic
characteristics, could provide a platform for a better understanding of the conditions required

for optimal enzyme activity (Nguyen and Quyen, 2010; Turon et al., 2008).

The major cellulases involved in cellulose hydrolysis include cellobiohydrolases,
endoglucanases and -glucosidases (Ganner et al., 2012; Horn et al., 2012; Zhou et al., 2009).
These enzymes are classified as GHs, however, their affinities for a particular substrate is
dependent on the 3D structure of their active sites (Vlasenko et al., 2010). CBHs have a strong
affinity for crystalline cellulose such as Avicel, due to its tunnel-like active site which allows it
to act processively along the cellulose chain, whereas EGs have a strong affinity for amorphous
cellulose such as carboxymethyl cellulose (CMC), due to its open active site (cleft-shaped)
(Beldman et al., 1988; Ganner et al., 2012; Granum et al., 2014). B-glucosidases convert
cellobiose to glucose, and thus have a high affinity for substrates such as p-nitrophenyl -b
glucopyranoside (pNPG), which is a chromogenic analog of cellobiose (Van Rooyen et al.,
2005). Furthermore, some cellulases may exhibit activity on more than one substrate.
Understanding their specificities for particular substrates is important to unravel information

regarding their synergistic behaviours (Aspenborg et al., 2012; Naumhoff, 2011).

The kinetic characteristics of an enzyme can provide a better understanding of how it functions
(Berg etal., 2002). “The rate at which an enzyme initiates catalysis is determined by the number
of moles of product produced per unit of time” (Berg et al., 2002; Pérez-Rodriguez et al., 2013;
Trayser and Seligson, 1969). This is variable with the concentration of the substrate, whereby
the rate of reaction increases with an increase in substrate concentration, but reaches a saturation
point at a high substrate concentration (Berg et al., 2002; Gunawardena, 2012). The Kwm
(Michaelis constant) and Vmax (maximum velocity) can be determined from the rate of catalysis
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by plotting a double reciprocal plot (Lineweaver - Burk plot) or a linear regression plot (Mason
and Lai, 2000; Sjogren et al., 2012). These kinetic parameters are useful for determining the
amount of substrate required to achieve efficient catalysis (Kwm), and the fastest rate at which an
enzyme can convert substrate molecules into product, per unit of time (Vmax) (Gunawardena,
2012; Sjogren et al., 2012).

Enzyme activities are governed by physico-chemical factors such as temperature and pH (Turon
et al.,, 2008; El-Hefnawy et al., 2014). Most enzymes display optimum activity at a
characteristic pH and temperature, thus determining the effect of these two factors on enzyme
activity could provide useful information of the conditions required for optimal enzyme activity
(Jahangeer et al., 2005). Furthermore, investigating the thermal stability of an enzyme is
essential, especially for their potential in industrial applications (Thomas and Scopes, 1998).
Although enzymes display optimum activity at a specific temperature, enzyme denaturation
may occur at high temperatures, resulting in a loss of activity over time (Daniel et al., 2008;
Thomas and Scopes, 1998). Glycosylated enzymes have been reported to be more stable than
un-glycosylated enzymes, since glyco-proteins are believed to reduce the structural dynamics

of an enzyme (Beckham et al., 2012).

Since enzyme activities are governed by various factors, it was important to characterise the
enzymes used in this study to understand the factors that influenced their activities, thus
assisting in the design of an ideal environment for future experiments. The enzymes
characterised in this study were CBHI, CBHII, EGI, EGII and BGL from various fungal

sources.

2.2 Aims and Objectives:
2.2.1 Aims

e To characterise five fungal cellulases that have the potential to degrade complex

cellulosic substrates;

e To determine the conditions for optimal cellulase activity.

2.2.2 Objectives
e To carry out bioinformatic characterisation of cellulolytic enzymes (ProtParam);
e To assess sizes of the cellulolytic enzymes by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE);
e To determine the substrate specificities of the cellulolytic enzymes;
e To determine the conditions (temperature and pH) for optimal cellulase activity;
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e To determine the kinetic parameters of the cellulolytic enzymes (Vmax, Km, Keat, Kcarr Ki).

2.3 Methods

2.3.1 Chemicals
Chemicals used for the preparation of solutions were of analytical grade and were purchased
from chemical companies. (Appendix 1).

2.3.2 Enzyme source

Five partially purified fungal cellulase preparations, namely cellobiohydrolases Cel7A (CBH1,
EC 3.2.1.176 from Talaromyces emersonii with C-terminally-fused CBM from Trichoderma
reesei) and Cel6A (CBHII, EC 3.2.1.91 from Chrysosporium lucknowense), endoglucanases
Cel7B (EGI, EC 3.2.1.4 from Aspergillus terreus) and Cel5A (EGII, EC 3.2.1.4 from
Trichoderma reesei) and B-glucosidase (Cel3A, EC 3.2.1.21 from Saccharomycopsis fibuligera
were kindly provided by Prof. W.H Van Zyl (Stellenbosch University) and used for this study.
All enzymes were expressed in S. cerevisiae, and the fermentation broths were used for the
study (Den HaanP et al., 2013). These enzymes were selected due their ability to be produced

at relatively high levels in S.cerevisiae at optimum conditions required for yeast growth.

2.3.3 Substrates

A selection of cellulosic substrates were chosen for this study, including commercial cellulosic
substrates (Avicel, carboxymethyl cellulose (CMC) and pNPG) and two natural lignocellulosic
substrates (steam exploded bagasse (SEB) and paper sludge (PS)). Avicel, CMC and pNPG
were purchased from Sigma (South Africa), the PS was kindly provided by Prof. W.H Van Zyl
(Stellenbosch University) and the steam exploded bagasse was pre-treated at the University of
the Western Cape. All substrates were prepared to a 2% final concentration in sodium citrate
buffer (pH 5.0; 0.05 M).

2.3.4 Bioinformatic characterisation of cellulolytic enzymes
The protein sequences for the cellulases were retrieved from the Carbohydrate-Active Enzyme
(CAZy) database and their physical and chemical properties were determined using the

ProtParam tool in the ExPASy Bioinformatics Resource Portal (http://expasy.org/cqi-

bin/protparam).

2.3.5 Protein determination
Protein concentrations were estimated using a modified Bradford method and bovine serum

albumin (BSA) was used as the protein standard (Bradford, 1976). A standard curve was
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prepared using concentrations ranging from 0 to 1 mg/mL (Appendix 2A). Protein sample (25
pL) was added to Bradford reagent to (230 pL) and incubated for 10 minutes at room
temperature. Absorbance readings were measured at 595 nm on a microtitre plate reader

(PowerWaveX reader)
2.3.6 Enzyme activity assays

2.3.6.1 Avicelase activity

Cellobiohydrolase activity was measured against Avicel. Appropriately diluted enzyme (100
pL of a 0.1mg/mL stock solution)) was mixed with 300 pL of Avicel (2% final concentration)
in sodium citrate buffer (pH 5.0; 0.05 M). The reaction was carried out at 50°C for 24 hours
after which the sample was centrifuged for 5 minutes (16, 060 x g). The supernatant was used
to measure the amount of reducing sugars released (as glucose equivalents) using a modified 3,
4 dinitrosalicylic acid (DNS) protocol (Miller, 1959). The supernatant (150 pL) was added to
DNS solution (300 uL) (Appendix 2B) and incubated at 100°C (Labnet AccuBlock digital dry
bath) for 7 minutes, followed by cooling the samples on ice for 10 minutes. The DNS solution
(250 uL) was pipetted into a microtitre plate and the absorbance was measured at 540 nm using
the PowerWaveX reader. The reducing sugars released were determined from a glucose
standard curve (Appendix 2B). All the activities were expressed in International Units. One unit
of enzyme activity was defined as the amount of enzyme required to liberate 1 umol of glucose

per minute under the specified assay conditions.

2.3.6.2 CMCase activity

Endoglucanase activity was measured using CMC as a substrate. Appropriately diluted enzyme
(100 pL of a 0.1mg/mL stock solution) was mixed with 300 pl of CMC (2% final concentration)
in sodium citrate buffer (pH 5.0; 0.05 M). The reaction was carried out at 50°C for 20 minutes
after which the sample was centrifuged for 5 minutes (16, 060 x g). The release in reducing
sugars was measured using the protocol as described in 2.3.6.1. One unit of enzyme activity
was defined as the amount of enzyme required to liberate 1 umol of glucose per minute under
the specified assay conditions.

2.3.6.3 Glucosidase activity

B-glucosidase activity was measured using pNPG as a substrate. Appropriately diluted enzyme
(50 pL of a 0.1mg/mL stock solution) was mixed with 450 pL pNPG (2.25 mM final
concentration) in sodium citrate buffer (pH 5.0; 0.05 M). The reaction was carried out at 50°C

for 20 minutes after which the reaction was stopped by the addition of 500 pL sodium carbonate
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(2 M). The pNPG solution (250 uL) was pipetted into a microtitre plate and the amount of p-
nitrophenyl product was measured at 405 nm using the PowerWaveX reader. The activity was
determined from a p-nitrophenyl standard curve (Appendix 2C). One unit of enzyme activity
was defined as the amount of enzyme required to liberate 1 pmol of glucose per minute under

the specified assay conditions.

2.3.7 SDS-PAGE analysis

The sizes of the cellulases were analysed by SDS-PAGE using a 10% (w/v) resolving gel and
a 4% (wi/v) stacking gel according to the standard protocol (Laemmli, 1970). Protein (20 pL)
was mixed with sodium dodecyl sulfate (SDS) reducing buffer (5 pL) and incubated at 95°C
for 5 minutes (Labnet AccuBlock digital dry bath). 18 pL (0.1mg/mL) enzyme sample were
loaded in the wells and electrophoresis was performed at 100 V for 2 hours using a Mini-
Protean® (BioRad) cell tank, after which the gel was stained with Coomassie Brilliant Blue.
The molecular sizes of the enzymes were estimated by comparison to a pre-stained protein
ladder (Thermo-scientific, 14-116 kDa). See Appendix 3 for the preparation of gels and

solutions.

2.3.8 Substrate specificity assay
The substrate specificities of the cellulases were determined using Avicel, CMC, pNPG, SEB
and PS as substrates. The amount of reducing sugar released was determined by the DNS

method as described previously (section 2.3.6.1).

2.3.9 Temperature optimum studies

To determine the temperature optimum for the cellulolytic enzymes, the cellulases were
incubated with their appropriate substrates in citrate buffer (pH 5.0; 0.05 M) at different
temperatures (20°C — 70°C) (Labnet AccuBlock digital dry bath). The release in reducing sugars

was measured using the DNS method as described in section 2.3.6.1.

2.3.10 Thermal stability studies
The thermal stability profiles for the cellulolytic enzymes were measured by incubating the
enzymes at their optimum temperature for 96 hours. The release in reducing sugars was

measured using the DNS method as described in section 2.3.6.1.

2.3.11 pH optimum studies
To determine the pH optimum of the cellulolytic enzymes, the cellulases were incubated with
their appropriate substrates at different pH’s (pH 3.0 - 8.0) in sodium citrate buffer (pH 3.0 —
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6.0; 0.05 M) and phosphate buffer (pH 6.0 - 8.0; 0.5 M). The release of reducing sugars was
measured using the DNS method as described in section 2.3.6.1.

2.3.12 Kinetic characterisation

The values of the Michaelis constant (Kwm), maximum velocity (Vimax), turnover number (Kcat),
and catalytic efficiencies (kca/Km) of the cellulolytic enzymes were determined at 50°C in
sodium citrate buffer (pH 5.0; 0.05 M). The concentrations for Avicel and CMC ranged from
0.5 mg/mL - 30 mg/mL and the concentrations for pNPG ranged from 0.125 mM - 3 mM. The

kinetic data were analysed using Lineweaver - Burk plots.

2.4 Results

2.4.1 Bioinformatic characterisation of cellulolytic enzymes

Various physical and chemical parameters, such as sequence length, molecular mass,
theoretical isoelectric point, binding and active sites and the presence of CBMs and
glycosylated sites of the enzymes were determined using bioinformatics tools (Table 2.1)
(ProtPoram tool in the EXPASY Bioinformatics Resource Portal) (Gasteiger et al., 2005). The

protein sequences were retrieved from CAZy.

Table 2.1 showed that CBHII (Cel7A) from 7. emersonii has a polypeptide chain of 437 amino
acids, a molecular mass of 46.84 kDa and a pl of 4.09. It also contains glycosylated sites. CBHII
(Cel6A) from C. lucknowense has a polypeptide chain of 395 amino acids, a molecular mass of
42.23 kDa and a pl of 4.7. EGI (Cel7B) from A. terreus has a sequence length of 471 amino
acids, a molecular mass 0f 49.33 kDa, a pI of 5.24 and contains a CBM from GH family 1. EGII
from T. reesei (Cel5A) has a 418 amino acid polypeptide chain, a molecular mass of 44.28 kDa,
and a pl of 4.97. The results also indicated that EGII has two active sites, contains glycosylated
sites, and a CBM from GH family 1. BGL (Cel3A) from S. fibuligera has a sequence length of
876 amino acids, a molecular mass of 96.23 kDa and a pl of 5.24. It also contains one active

site and has many glycosylated sites.
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Table 2.1. Physical and chemical parameters of the cellulolytic enzymes as predicted from UniProt and ProtPoram

Protein name (UniProt

Cellobiohydrolasel

Cellobiohydrolasell

Endoglucanase |

Endoglucanase 11

Beta glucosidase

ID) (AAQ38151.1) (E5Q901) (P07982) (P22506)
Organism T. emersonii C. lucknowense A. terreus T. reesei S. fibuligera
Sequence Length 437 395 471 418 18; 859; 876
Mass (kDa) 46.84 42.23 49.33 44.28 96.23
pl 4.09 4.7 5.24 4.97 4.79
Binding sites - - - - -
Active sites - - - -239 (Proton donor) 295
-350 (Nucleophile)
Glycosylated sites 285; 449 - - 124 22; 75; 224; 267 332;
339; 37; 389; 426; 544;
585; 639; 780; 790
CBM - CBM1 CBM1

Any annotated post-translational modifications were not taken into account

An investigation into the synergistic action of cellulose degrading enzymes on complex substrates

26



http://www.uniprot.org/uniprot/P22506

Chapter 2: Enzyme characterisation

2.4.2 SDS-PAGE analysis

The sizes of the cellulases were confirmed by SDS-PAGE analysis as described in section
2.3.7. All the enzymes were determined to be monomeric, as evident by the single bands
produced by each enzyme on the SDS-PAGE gel (Figure 2.1). SDS-PAGE analysis showed
that that CBHI, CBHII, EGI, EGII and BGL had approximate molecular masses of 66 kDa; 67
kDa; 57 kDa; 56 kDa and >116 kDa, respectively. Minor contaminants were also present at
lower molecular masses (35- 55 kDa), which may have been attributable S. cerevisiae and/or

media components.

116
66.2

45.0

35.0

25.0

18.4
144

Figure 2.1. SDS-PAGE analysis of the cellulolytic enzymes. 15 pl (0.1 mg/mL) of each
cellullase and 5 pl of prestained marker were loaded onto a 10% (w/v) SDS-PAGE gel and
proteins were stained with Coomassie Blue. Lane (A): Prestained molecular marker; lane (B):
CBHI; lane (C): CBHII; lane (D): EG1,; lane (E): EGII and lane (F): BGL. Molecular masses
(kDa) of marker proteins are shown on the left.

2.4.3 Specific activities of the cellulolytic enzymes

The specific activities of the enzymes were determined on various substrates. Enzyme activities
were measured under standard assay conditions as described in 2.3.6. The substrates included
the preferred substrates for the enzymes: Avicel, CMC, pNPG, as well as two natural cellulosic
substrates: SEB and PS. CBHI and CBHII exhibited highest activity towards Avicel (0.06
U/mg for both enzymes), followed by SEB (0.04 and 0.03 U/mg) (Table 2.2). CBHI exhibited
activity on PS (0.02 U/mg) whereas CBHII exhibited no activity on PS. As expected, EGI and
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EGII exhibited the highest activity towards CMC (74 and 56 U/mg, respectively). EGI and
EGII exhibited activity on Avicel (0.038 and 0.4 U/mg, respectively), and exhibited activity on
SEB (0.05 and 0.07 U/mg, respectively). These enzymes did not display any activity on PS or
PNPG. BGL only exhibited activity on pNPG (462 U/mg).

Table 2.2. The specific activities of the cellulases on Avicel, CMC, pNPG SEB and PS

Substrate | CBHI CBHII EGI EGII BGL
(U/mg) (U/mg) (U/mg) (U/mg) (U/mg)

Avicel 0.06 0.06 0.038 0.04 -

CMC - - 74 56 -

pNPG - - - - 462

SEB 0.04 0.03 0.05 0.07 -

PS 0.02 - - - -

Values are presented as mean values (SD < 5%)

2.4.3 Optimum conditions for cellulase activity
A) Temperature optimum

The activities of the cellulases were assayed at different temperatures ranging from 20 - 70°C
in sodium citrate buffer (pH 5.0; 0.05 M). Enzyme activities were measured under standard
assay conditions as described in 2.3.6. CBHI displayed maximal activity at 60°C and showed
50% < activity at 40, 50 and 70°C; however it exhibited no activity at 20 and 30°C (Figure
2.2A). CBHII exhibited maximal activity at 60°C and displayed >40% activity between 20 -
70°C (Figure 2.2B). EGI had a temperature optimum of 60°C and displayed >80% activity over
a broad temperature range (20 - 70°C) (Figure 2.2C). EGII was optimally active at 60°C and
displayed more than 45% activity between 20 - 70°C (Figure 2.2D). BGL exhibited maximum
activity at 40°C and rapidly lost activity (>65%) at higher temperatures of 60 and 70°C (Figure
2.2E).

B) Thermal stability

Thermal stability was investigated by incubating the enzymes at their optimum temperature
over a period of 96 hours in sodium citrate buffer (pH 5.0; 0.05 M). The enzymes were found
to be stable (Figure 2.3). CBHI was stable at its optimum temperature for 96 hours, however,
an unexpected 53% increase in activity was observed between 24 - 96 hours (Figure 2.3A).

CBHII displayed high stability at its optimum temperature and retained more than 80% residual
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activity over 96 hours (Figure 2.3B). EGI was relatively stable for 96 hours at its optimum
temperature, however, there was a 20% decrease in activity between 24 - 48 hours (Figure
2.3C). EGII showed stability for 96 hours at its optimum temperature, however, an unexpected
50% increase in activity was observed between 24 - 96 hours (Figure 2.3D). BGL was highly

stable and maintained ~90% activity for 96 hours at its optimum temperature (Figure 2.3E).
C) pH optimum

The activity pH profiles of the cellulases were determined by incubating the enzymes in sodium
citrate buffer (pH 3.0 - 6.0) and phosphate buffer (pH 6.0 — 8.0) at 50°C (Figure 2.4). Enzyme
activities were measured under standard assay conditions as described in 2.3.7. The results
showed that CBHI displayed a pH optimum of 4.5 and displayed >50% activity between pH
4.0- 6.5 (Figure 2.4A). There was a rapid loss in activity between pH 6.5 - 7.0 and the cellulase
exhibited 0% activity at pH 7.0 - 8.0. CBHII had a pH optimum of 4.5 and displayed >60%
activity between pH 4.5 - 7.0 (Figure 2.4B). EGI displayed a pH optimum of 5.5 and displayed
> 80% activity between pH 5.0 - 6.5 (Figure 2.4C). Figure 2.4D showed that EGII was
optimally active at pH 4.5 and displayed >60% activity between pH 4.0 - 6.5. BGL was active
over a broad pH range and exhibited maximal activity at pH 5.5 (Figure 2.4E). BGL displayed
>50% activity at pH 4.0 — 6.0.
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Figure 2.2. The effect of varying temperature on the activities of the cellulolytic enzymes.

Activities were measured against their respective substrates in sodium citrate buffer (pH 5.0;
0.05 M). (A): CBHI; (B): CBHII; (C): EGI; (D): EGII; (E): BGL. Values are represented as

mean values + SD (n=3).
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Figure 2.3. Thermal stability of the cellulolytic enzymes. Activities were measured against

their respective substrates in sodium citrate buffer (pH 5.0; 0.05 M) at their temperature optima.
(A): CBHI; (B): CBHII; (C): EGI; (D): EGII; (E): BGL. Values are represented as mean values

+ SD (n=3).
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Figure 2.4. The effect of varying pH values on the activities of the cellulolytic enzymes.
Activities were measured against their respective substrates in sodium citrate buffer (pH 3.0 -
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2.4.4 Kinetic characterisation of the cellulolytic enzymes

The kinetic parameters for the cellulolytic enzymes (Km, Vimax, Keat and kcat/Km) were analysed

using double reciprocal Lineweaver-Burk plots and are listed in Table 2.3. The concentration

of Avicel and CMC ranged from 0.5 — 30 mg/mL and the concentration of pNPG ranged from

0.125 mM- 3.0 mM. Enzyme activities were measured under standard assay conditions as
described in 2.3.6.

Table 2.3. Kinetic parameters estimated for CBH I, CBH Il and EGI, EGII and BGL with

Avicel, CMC and pNPG as their respective substrates

Enzyme Vimax Km Keat Keat/Km
(umol/min) (mg/mL) (min?) (min"tmg?* mL)

CBHI 0.23 1.36 23 16.9

CBHII 0.40 3.3 40 12.12

EGI 149 2.1 59600 28380

EGII 85.47 1.55 34188 22056

Enzyme Vimax Km Keat Keat/Km
(emol/min) (mM) (min) (mintmM™1)

BGL 63.29 1.46 63290 43349

Characterisation of the cellulases used in this study allowed for a better understanding of the

conditions required for optimal enzyme activities. The results are summarised below in Table

24,
Table 2.4. Summary of the characteristics displayed by various fungal cellulases
CBHI CBHII EGI EGII BGL

Molecular 66 67 57 56 45
mass (kDa)
Substrate Avicel Avicel CMC CMC PNPG
preference
Temperature 60 60 60 60 50
optimum (°C)
Temperature + + + + +
stability
pH optimum | 4.5 45 55 45 55
Kwm on - - - - -
preferred
substrate
Vmax on = = + + +
preferred
substrate

+ represents high values and — represents low value (compared to previously reported data

33

An investigation into the synergistic action of cellulose degrading enzymes on complex substrates



Chapter 2: Enzyme characterisation

2.5 Discussion

Biochemical, physico-chemical and kinetic paramaters govern the activities displayed by
cellulases (Turon et al., 2008). It was therefore essential to investigate these factors to
understand the conditions required for optimal activity of the cellulases used in this study.

SDS-PAGE analysis

Figure 2.1 (lane B) showed that the size of the expressed protein, CBHI (Cel7A) from T.
emersonii (66 kDa) was higher than the theoretical size of the native protein (46.84 kDa)
(Grassick et al., 2004). The inferred molecular mass discrepancies may have been a result of
hyperglycosylation and/or the fusion of the CBM. To accurately determine whether the size
increase was due to glycosylation, deglycosylation enzymes could have been used, followed
by MALDI-TOF-MS and SDS-PAGE could have been carried out. (Voutilainen et al., 2009).
The size of the protein in this study was in agreement with Tuohy et al. (2002) and Voutilainen
et al. (2010), who both found Cel7A (fused with a CBM) from 7. emersonii to have a molecular
mass of 66 kDa. The molecular mass reported in this study was similar to that which has been
reported for CBHs (GH family 7), which was characterised from different fungal species, i.e.
65 kDa for C. lucknowense, 66 kDa for Penicillium verruculosum and 70 kDa for T. reesei

(Bukhtojarov ef al., 2004; Morozova et al., 2010; Xu et al 2014).

CBHII (Cel6A) was observed to be a monomeric protein with a molecular mass of
approximately 67 kDa as evident by a defined protein band present on the SDS-PAGE gel
(Figure 2.1, lane C). Minor contaminants were also present at lower molecular masses (30 -55
kDa). The molecular mass of CBHII was higher than what was determined by Bukhtojarov et
al. (2004), but similar to Den Haan® et al. (2013), who determined C. lucknowense CBHII
(Cel6A) to be 43 kDa and 75 kDa in size, respectively. The difference in the theoretical size
and the expressed protein size (42.23 kDa) may have been caused by hyperglycosylation;
however, further analysis such as using deglycosylation enzymes and MALDI-TOF MS would
be required to confirm whether this was the case (Den Haan et al., 2013; Wei et al., 2014). The
molecular masses of CBHIIs (GH family 6) from other fungal sources have been reported in
literature and were similar to what was found in this study (67 kDa). These were 60 kDa and
83 kDa for P. verruculosum and H. insolens, respectively (Morozova et al., 2010; Varrot and

Davies, 1999).
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EGI (Cel5B) produced a prominent single band at an approximate molecular mass of 57 kDa
(Figure 2.1, lane D). Minor contaminants were also present on the gel (30 - 55 kDa). It was
assumed that EGI was partially glycosylated, as the molecular mass was higher than the
expected theoretical size (49.33 kDa) (Wei et al., 2014). To the best of our knowledge, there
have been no reports of the molecular mass of recombinant EG1 produced by A. terreus
belonging to GH family 7; however, studies have documented the molecular masses for this
fungus belonging to GH family 12. Gao et al. (2008) and Narra et al. (2012) determined the
molecular masses of EGI from A. terreus to be 25 kDa and 29 kDa, respectively, which was
considerably lower than what was found in this study (57 kDa). Nazir et al. (2009), however,
determined the molecular mass to be 78 kDa. The molecular masses of EGIs (GH family 7),
characterised from different fungal sources were found to be similar to that of A. terreus used
in this study (57 kDa). These were 55 kDa for T reesei, 55 - 70 kDa for P. verruculosum and
79 kDa for Penicillium decumbens (Herpo€l-Gimbert et al., 2008; Morozova et al., 2010; Xiao-
Min et al., 2010).

Figure 2.1 (lane E) showed that EGII is a monomeric protein corresponding to an approximate
molecular mass of 56 kDa with a minor contaminant at 25 kDa. This was in agreement with
Den Haan et al. (2013), Qin et al. (2008) and Samanta et al. (2012) who determined the
expressed T. reesei EGII (Cel5A) to be 54 kDa, 57 kDa and 53 kDa, respectively. The
recombinant EGII had a higher molecular mass than the native EGII (44.28 kDa), which may
be attributed to the different degrees of asparagine-linked glycosylation (Qin et al., 2008;
Samanta et al., 2012). Using de-glycosylation enzymes and MALDI-TOF MS could have been
carried out to determine whether the size increase was attributable to glycosylation. The size
of EGII in this study was in agreement with previous reports (Den Haan et al., 2013; lImén et
al., 2011). The molecular mass of T. reesei EGII in this study was similar to those reported in
literature from various fungal EGIIs (GH family 5). These were 56 kDa for Piromyces equi;
51 kDa for C. lucknowense; 39 kDa for P. verruculosum, 50 kDa for Postia placenta and 70
kDa for P. decumbens, (Eberhardt et al., 2000; Gusakov et al., 2006; Morozova et al., 2010;
Ryu et al., 2011; Xiao-Min ef al., 2010).

Figure 2.1 (lane F) showed that a band larger than 116 kDa was observed on the SDS-PAGE
gel. It can therefore be stated that its molecular mass was greater than 116 kDa. A study
performed by Machida et al. (1988) found the expressed BGL to be approximately 200 kDa on
a SDS-PAGE gel. However, they stated that this was a result of glycosylation since the BGL
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contains 12-16 glycosylation sites and should have an approximate molecular mass of 96 kDa.
To determine whether the size of BGL was bigger than 116 kDa, a molecular marker with a
higher kDa range would be required. Fast protein liquid chromatography (FPLC) could also
have been conducted for accurate molecular weight confirmation. Noteworthy, a band at an
approximate molecular weight of 50 kDa was also observed. This may be a result of protein
degradation or a minor contamination. The molecular masses of BGLs (Cel3A) from other
recombinant cellulolytic fungi have been documented. These were 70 kDa, 85.1 kDa, 95 kDa,
93.5kDa, 110 kDa and 130kDa for T. reesei, Neocallimastix patriciarum, Volvariella volvacea,
T. aurantiacus, Penicillium purpurogenum and T. emersonii, respectively (Chen et al., 2012;
Ding et al., 2007; Hong et al., 2007; Lee et al., 2011; Murray et al., 2004; Shahbazi et al.,
2014).

Specific activities

Specific activities of the fungal cellulases towards different substrates are given in Table 2.2.
CBHI (Cel7A) hydrolysed Avicel (0.06 U/mg), SEB (0.04 U/mg) and PS (0.02 U/mg), but was
however, inactive against CMC and pNPG. This was expected since Avicel (model semi-
crystalline substrate), SEB and PS contain crystalline regions on which CBHIs are known to
initiate their mode of action (Imai et al., 1998; Den Haan et al., 2013). Their ability to degrade
only crystalline cellulose is linked to their tunnel-like active sites, which forms loops around
the cellulose chain, allowing the enzyme to degrade the chain in a processive manner (Ganner
et al., 2012; Granum et al., 2014). However, since crystalline cellulose is difficult to degrade
(highly recalcitrant), the expected activity on the substrate would be low. The results were
similar to what was found by Tuohy et al. (2002), who determined CBHI (Cel7A) from T.
emersonii to be active against Avicel (0.41 U/mg) and inactive against CMC and pNPG. CBHIs
(Cel7A) produced by other fungi, such as, C. lucknowense and T. viride also showed preference
for Avicel with minimal to no activity on CMC and pNPG (Gusakov et al., 2005; Zhou et al.,
2008). There have been no reports on the specific activities of CBHI (Cel7A) towards SEB and
PS.

CBHII (Cel6A) hydrolysed Avicel (0.6 U/mg) and SEB (0.03 U/mg) but exhibited no activity
against CMC, pNPG and PS. Since hydrolysis of crystalline cellulose is an identified
characteristic of CBHs, activity on the crystalline cellulose was expected (Imai et al., 1998;
Den Haan et al., 2013). Furthermore, studies have reported that CBHII (Cel6A) from C.
lucknowense have high preference for Avicel (0.2 - 0.24 U/mg), with no detectable activity
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against pNPG (Bukhtojarov et al., 2004; Morozova et al 2010). Their studies did, however,
show that CBHII exhibited some activity on CMC (1.1 U/mg - 2.0 U/mg). This could be linked
to CBHII displaying bi-functional activity, thus having the ability to initiate its action on both
crystalline and amorphous regions of the cellulose chain (Ganner et al., 2012). Similarly,
CBHII (Cel6A) produced by Magnaporthe grisea displayed the highest activity on Avicel and
no activity against CMC (Takahashi et al., 2010). There have been no reports on the specific
activities of CBHII (Cel6A) towards SEB and PS

EGI (Cel7B) showed high specific activity towards CMC (74 U/Mg) and lower specific activity
towards Avicel (0.038 U/mg) and SEB (0.053 U/mg). No activity was observed towards pNPG
and PS. This is in agreement with literature, as EGs are known to be highly active on the
amorphous region of cellulose (Karmakar and Ray, 2011). This is linked to their open active
sites, allowing them to hydrolyse the cellulose chain at random positions (Beldman et al.,
1988). Amorphous cellulose is easier to degrade than crystalline cellulose, thus the specific
activities of EG is higher on amorphous substrates than crystalline substrates, such as Avicel.
To the best of our knowledge, EGI (Cel7B) produced by 4. terreus from family 7 has not yet
been characterised; however, the substrate specificities of this fungus belonging to GH family
12 have been reported. These studies showed that it was most active towards CMC (60 U/mg)
and had no activity on Avicel (Narra et al., 2012). Studies have previously reported the specific
activities of EGIs (Cel7B) produced by other fungi, such as P. verruculosom, T. reesei and P.
decumbens, which showed high specificity for CMC, minimal specificity towards pNPG and
no activity towards Avicel (Morozova et al., 2010; Nakazawa et al., 2008; Xiao-Min et al.,

2010).

The substrate preference for EGII (Cel5A) was similar to that of EGI (Cel7B). It hydrolysed
CMC (56 U/mg), Avicel (0.04 U/mg) and SEB (0.07 U/mg); however, it did not hydrolyse
PNPG or PS. Since EGs are responsible for cleaving the amorphous regions of the cellulose
chain, the high preference for CMC was expected (Karmakar and Ray, 2011). This was in
agreement with Nakazawa et al. (2008) who showed that 7. reesei EGII (Cel5A) displayed the
highest activity on CMC (65 U/mg); however, it displayed no activity towards Avicel or pNPG.
EGIIs (GH family 5) from different fungal sources, such as P. equi, Thermotoga maritima, H.
grisea, P. decumbens and P. pinophilum also exhibited maximal activity towards CMC and
had very low activity towards Avicel and pNPG (Eberhardt et al., 2000; Mahadevan et al.,
2008; Takashima et al., 1997; Xiao-Min et al., 2010; Yoon et al., 2008).
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BGL (Cel3A) rapidly hydrolysed pNPG (462 U/mg), but exhibited no activity towards CMC,
Avicel, SEB or PS. BGLs are known to show high specificity towards cellobiose and
cellodextrins, and are responsible for converting cellobiose to glucose molecules. pNPG is a
chromogenic analog of cellobiose, thus BGL had high preference for this substrate (Van
Rooyen et al., 2005). This was in accordance with previous studies that had found BGL
(Cel3A) from S. fibuligera to hydrolyse pNPG and cellobiose to a great extent, but had no
activity towards Avicel or CMC (Gundllapalli et al., 2007; Machida et al., 1988). Furthermore,
BGLs belonging to GH family 3, produced by Aspergillus tubingensis and N. patricarium
similarly showed preference for pNPG and cellobiose as a substrate (Decker et al., 2001; Hong
et al., 2007).

Temperature optimum and stability

CBHI (Cel7A) displayed maximal activity at 60°C and displayed 50% activity at 40, 50 and
70°C; however, it exhibited no activity at 20 and 30°C (Figure 2.2A). This correlated well with
Grassick et al. (2004) and Voutilainen et al. (2010) who determined 7. emersonii CBHI
displayed an optimum temperature of between 55 - 70°C. CBHIs (Cel7A) produced by other
fungi exhibited similar temperature optimum profiles to the CBHI used in this study (60°C).
Trichoderma harzianum, T. reesei and Acremonium thermophilum displayed optimum activity
at 60°C, whereas 7. aurantiacus and Chaetomium thermophilum exhibited a temperature
optimum of 65°C (Colussi et al., 2012; Voutilainen et al., 2008). Thermostability studies
(Figure 2.3A) showed that CBHI was stable at its optimum temperature.

Figure 2.2B showed that CBHII (Cel6A) exhibited a maximal activity at 60°C and displayed
>40% activity between 20 - 70°C. This was in agreement with Bukhtojarov et al. (2004).
Similarly, CBHIIs (GH 6) produced by P. decumbens and M. grisea displayed their maximum
activities at 50°C and 40°C, respectively (Gao et al., 2011; Takahashi et al., 2010).
Thermostability studies showed that C. lucknowense CBHII displayed high stability at its
optimum temperature, and retained more than 80% residual activity over 96 hours (Figure
2.3B). These findings were in agreement, to some extent to that of Bukhtojarov et al. (2004)
who determined that CBHII from C. lucknowense retains more than 90% of its activity for 5

hours.

EGI (Cel7B) had a temperature optimum of 60°C and displayed >80% activity over a broad
temperature range (20 - 70°C) (Figure 2.2C). To the best of our knowledge, studies have not
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yet been conducted on the temperature optimum of 4. ferreus EGI from GH family 7. However,
various studies have reported the temperature optima for EGIs produced by this fungus from
GH family 12, and (similarly) these exhibited maximal activity between 50 - 60°C (Gao et al.,
2008; Narra et al., 2012; Nazir et al., 2009). Other GH family 7 EGIs produced by various
fungi have been reported in literature. These were 60°C for both H. grisea and P. decumbens
(Takashima et al., 1997; Xiao-Min et al 2010). EGI (Cel7B) was relatively stable for 96 hours
at its optimum temperature, however, there was a 20% decrease in its residual activity between
24 - 48 hours (Figure 2.3C). Gao et al. (2008) found that 4. terreus EGI (GH family 12)

maintained 65% activity after incubation at 70°C for 6 hours.

The results showed that EGII (Cel5A) was optimally active at 60°C and DISPLAYED more
than 45% activity between 20 - 70°C (Figure 2.2D). This was in agreement with previous
studies that had determined 7. reesei EGII to be optimally active between 50 and 55°C (Qin et
al., 2008; Samanta et al., 2012). The optimum temperatures of EGIIs (GH family 5) produced
by other fungi were 45°C for P. equi, 60°C for Acidothermus cellulolyticus, P. decumbens and
Fomitopsis pinicola, 75°C for H. grisea, and 80°C for T. maritima (Eberhardt et al., 2000;
Mahadevan et al., 2008; Takashima et al., 1997; Vlasenko et al., 2010; Xiao-Min et al., 2010;
Yoon et al., 2008). The thermostability of EGII showed that it was stable for 96 hours at its
optimum temperature; however, an unexpected 50% increase in activity was observed between
24 and 96 hours (Figure 2.3D). This may have been a result of extended incubation at a high
temperature (96 hours at 60°C), which may have led to a reduction in the volume of the enzyme
solution, caused by evaporation. The thermostability profile of this cellulase was contradictory
to that which was reported by Samanta ez al. (2012) who had found the cellulase to lose activity
after 40 min at 60°C. Furthermore, Saloheimo et al. (1988) similarly showed the cellulase

rapidly lost activity after 60 minutes at 50°C.

BGL (Cel3A) exhibited maximum activity at 40°C and rapidly lost activity (>65%) at higher
temperatures of 60 and 70°C (Figure 2.2E). This was in accordance with Gundllapalli et al.
(2007) and Machida et al. (1988) who both determined BGL from S. fibuligera to display
maximum activity at 40°C and 50°C, respectively. The optimum temperature was similar to the
BGL (Cel3A) produced by N. patriciarum (Chen et al., 2012); however, the temperature
optimum was much lower than the BGL (Cel3A) produced by T. reesei, T. aurantiacus,
Aspergillus niger and T. emersonii, which exhibited optimal activity at 70 - 72°C (Chen et al.,
1992; Hong et al., 2007; Murray et al., 2004; Rashid and Siddqui, 1997; Yan et al., 2012).
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According to the thermostability assay, BGL was highly stable and maintained ~90% activity

when incubated for 96 hours at its optimum temperature (Figure 2.3E).

pH optimum

The results showed that CBHI (Cel7A) displayed a pH optimum of 4.5 and displayed >50%
activity between pH 4.0 - 6.5 (Figure 2.4A). There was a rapid loss in activity between pH 6.5
- 7.0 and the cellulase exhibited 0% activity at pH 7.0 - 8.0. This was in agreement to previous
reports that determined that 7. emersonii CBHI exhibits maximal activity between pH 3.6 and
5.0 (Grassick et al., 2004; Tuohy et al., 2002; Voutilainen et al., 2010). The pH profiles of
various fungal CBHs (GH family 7) have been characterised and displayed similar pH optima
to 1. emersonii CBHIL. T. reesei, A. thermophilum, Heterobasidion irregulare and C.
thermophilum displayed optimal activities ranging from pH 4.0 - 5.0, whereas T. aurantiacus
exhibited a pH optimum of 5.5 (Boer and Kuivula, 2003; Hong et al., 2003; Momeni ef al.,
2013; Pingali et al., 2011; Voutilainen et al., 2008).

CBHII (Cel6A) displayed a pH optimum of 4.5 and displayed >60% activity between pH 4.5
and 7.0 (Figure 2.4B). This was in accordance with Bukhtojarov et al. (2004), who determined
C. lucknowense CBHII to be optimally active between pH 4.5 and 5.5. Previous studies showed
that CBHII (Cel6A) produced by P. decumbens and M. grisea exhibited similar pH optima (pH
4.5 - 5.0) to the CBHII (Cel6A) used in this study (Gao et al., 2011; Takahashi et al., 2010).

This study showed that EGI (Cel7B) displayed a pH optimum of 5.5 and displayed > 80%
activity between pH 5.0 and 6.5 (Figure 2.4C). At pH 7.0 - 7.5, more than 50% activity was
displayed. To the best of our knowledge, no data has been published on the pH optima of 4.
terreus EGI belonging to GH family 5; however, there have been reports on the pH optimum
of A. terreus EGI belonging to GH family 12. These pH optima ranged between pH 4.0 and
4.8 (Nazir et al., 2009; Narra et al., 2012). EGIs (GH family 7) produced by P. decumbens and
T. reesei, similarily displayed optimal activity at a pH of 4.0 and a pH of 5.0 - 5.5, respectively
(Nakazawa et al., 2008; Xiao-Min et al., 2010).

EGII (Cel5A) was optimally active at pH 4.5 and displayed >60% activity between pH 4.0 and
6.5 (Figure 2.4D). However, a rapid decrease in activity was observed at a pH above 6.5 and
no activity was observed at pH 7.5 - 8.0. This data was consistent with previous reports that
determined 7. reesei EGII (Cel5A) to be optimally active between pH 4.6 and 5.2 (Qin et al.,
2008; Saloheimo et al., 1988; Samanta et al., 2012). EGIIs (Cel5a) produced by other fungi
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have been characterised with respect to their pH optima. The pH optimum was 5.0 for both P.
equi and T. maritima and pH 4.0 for P. decumbens (Eberhardt et al., 2000; Mahadevan et al.,
2008; Xiao-Min et al., 2010).

BGL (Cel3A) was active over a broad pH range and exhibited maximal activity at pH 5.5
(Figure 2.4E). BGL displayed >50% activity at pH 4.0 - 8.0. This was in accordance with
Gundllapalli et al. (2007) and Machida et al. (1988) who showed BGL (Cel3A) from S.
fibuligera to be optimally active at pH 5.0 and 5.5. This was also comparable to the pH optima
exhibited by BGLs (Cel3A) produced by T. aurantiacus, 7. emersonii, A. niger and
Paecilomyces thermophile, which ranged between pH 4.0 and 6.0 (Hong et al., 2007; Murray
et al., 2004; Rashid and Siddqui, 1997, Yan et al., 2012).

Kinetic Parameters

The kinetic parameters for all five cellulases were analysed using double reciprocal
Lineweaver-Burk plots and are listed in Table 2.3. CBHI (Cel7A) exhibited a Kv of 1.36
mg/mL, a Vimax 0f 0.23 umol/min, a Keat 0f 23 min and a kea/Km of 16.9 min*mg? mL, using
Avicel as a substrate. The Km was low, indicating that CBHI had a high affinity for Avicel.
These kinetic parameters were lower than the reported values of Segato et al. (2012), who
estimated the Km, Vimax, Kcat and kea/Km to be 18.27 mg/mL, 24.81 pmol/min, 22.22 min™ and
1.22 min*mg™® mL, respectively. The difference in results may be attributed to the fact that
their enzymes were purified before kinetic analyses was performed, whereas the enzymes in

this study were only partially purified.

Kinetic analysis on Avicel showed that CBHII (Cel6A) displayed a Km (MM), Vimax (Lmol/min),
Keat (Mint) and kea/Km (MintmM?) of 3.3, 0.4, 40 and 12.12, respectively. The low K value
indicated that CBHII has high affinity for Avicel. To the best of our knowledge, no data has
been published on the kinetic parameters of CBHIIs, belonging to GH family 6, using Avicel

as a substrate.

The Km, Vimax, Keat and kcat/Km values of EGI (Cel7B) were 2.1 mg/mL, 149 pmol/min, 59600
mint and 28380 min*mg? mL, respectively. The low Ku and high Vimax values indicated that
EGI had a high affinity towards CMC. The reported Ku value was lower than the Kwm reported
for A. terreus from GH family 12, whereas the estimated Vmax vValue of A. terreus (GH family
12) was lower than what was reported in this study. The Kv and Vimax values for A. terreus (GH

family 12) were 12 mg/mL and 16.1 pumol/min, respectively (Narra et al., 2012).
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EGII (CEL5A) exhibited a Kum of 1.55 mg/mL, a Vimax 0f 85 pmol/min, a kea: of 34188 min-and
a keat/Km Of 22792 min“tmg™® mL for CMC. These results indicated that the EGII had a high
affinity towards CMC, which was in accordance with Samanta et al. (2012). The Kwm (2.1
mg/mL) reported in this study was similar to the findings of Samanta et al. (2012); however,
the Vimax value was determined to be lower to that reported in literature (220.57 pmol/min). The
Km (mg/mL) and Vmax (umol/min) of EGIs (Cel5a) produced by different fungal strains were
1.08 and 226 for P. pinophilum, 1.74 for 0.63 for Daldinia eschscholzii and 11.6 and 1250 for
F. pinicola, respectively (Karnchanatat et al., 2007; Yoon et al., 2008).

The Km (MM), Vimax (umol/min), keat (min) and kea/Km (MintmM-Y) obtained for pNPG by
BGL (Cel3A) were estimated to be 1.46, 63.29, 63290 and 43349, respectively. To the best of
our knowledge, no data has been reported on the kinetic parameters of BGL (Cel3A) from S.
fibuligera. In comparison, the BGLs (Cel3A) from different fungal sources have been
documented. Stachybotrys BGL exhibited a lower Km value (0.27 mM) and a similar Vimax (78
pmol/min) value to what was reported in this study, whereas D. eschscholzii displayed a similar
Kwm value (1.52 mM), but a lower Vmax value (3.21 pumol/min) (Amouri and Gargouri, 2006;
Karnchanatat et al., 2007). Furthermore, P. purpurogenum exhibited a higher Km (5.1 mM) and
Vmax (934 pmol/min) compared to the BGL used in this study (Jeya et al., 2010).

2.6 Conclusions

In this study, five cellulases from different fungal sources were successfully characterised with
respect to their molecular size, substrate specificities, optimum conditions required for
maximal activity and their kinetic parameters. The molecular masses of the enzymes were
confirmed and the results revealed that the expressed cellulases were larger than their expected
theoretical sizes (Den Haan et al., 2013; Qin et al., 2008; Wei et al., 2014). Substrate specificity
studies showed that CBHSs exhibited a substrate preference for the crystalline substrate, Avicel,
whereas EGs exhibited substrate preference for the amorphous substrate, CMC. Furthermore,
BGL had substrate preference for pNPG.

Similar results were observed from the temperature and pH optima data compared to that
previously published. To the best of our knowledge, this was the first report on the temperature
and pH optimum of A. terreus from GH family 7. The cellulases exhibited optimal activity at
60°C, with the exception of BGL, which exhibited optimal activity at 40°C. The pH optima
were 4.5 for CBHI, CBHII, EGII and 5.5 for EGI and BGL. Furthermore, the enzymes were
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stable for 96 hours at their temperature optima, thus making them good candidates for industrial

applications.

Kinetic characterisation showed that CBHs displayed high affinity for Avicel, whereas the EGs
displayed high affinity for CMC and BGLs for pNPG. There was a difference difference in the
results reported in this study, compared to that previously reported in literature, and may be
attributed to the difference in experimental conditions. To the best of our knowledge, the
kinetic parameters determined for C. lucknowense CBHII (Cel6A) on Avicel and the kinetic

parameters of BGL (Cel3A) from S. fibuligera constitute novel data.
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Chapter 3: Substrate characterisation, inhibition and adsorption studies

3.1 Introduction

The characteristics of a substrate, such as composition, DP and recalcitrance, is one of the
major factors known to influence enzyme activity (Leu and Zhu, 2012; Yang et al., 2011). To
achieve efficient cellulose hydrolysis, it is important to understand the characteristics of a
substrate, as this will provide useful insights into substrate-enzyme interactions (McMillan,
1994; Yang et al., 2011). This study investigated the characteristics of three cellulosic
substrates, namely steam exploded bagasse (SEB) (crop residue), paper sludge (PS) (municipal
residue) and Avicel, a model micro-crystalline substrate (>90% glucan) which served as a

reference substrate for this study (Esteghlalian et al., 2002).

Sugarcane bagasse (SCB), the main residue obtained after sugarcane harvesting (Figure 3.1),
has been the subject of countless bioconversion studies (Badsah et al., 2012; Cardona et al.,
2010; De Albuquerque Wanderley et al., 2013; Rocha et al., 2011; Martin et al., 2008; Rabelo
et al., 2011; Rivera et al., 2010). Large quantities of sugarcane bagasse are produced annually
throughout the world (8 billion dry tonnes in South Africa alone), however, only 50% of it is
utilised as an energy source in sugar mills, and the remaining material is considered as waste
(Botha and von Blottnitz, 2006; Cerqueira et al., 2007; Leibbrandt et al., 2011; Rabelo et al.,
2011). It has been reported that its composition (dry weight) is composed of approximately
42% cellulose, 28% hemicellulose and 22% lignin (Quensanga and Picard, 1988). The large
percentage of unutilised polysaccharide content in SCB makes it a well-suited candidate for
bioconversion into value-added products.

Harvested for sucrose
content

i B0 i T S | Nt il

Figure 3.1. SCB, a potential feedstock for biofuel production, is the residue obtained from

sugar cane harvesting (Adapted from Agrodaily, 2013%; Jadhav, 2014°).
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In addition, paper sludge, the solid waste material from the paper industry (generated during
wastewater treatment), has received significant attention in bioconversion studies (Pézsa and
Ailer, 2011; Prasetyo, 2011). Globally, the paper industry produces approximately 40 - 50 kg
of paper sludge for every tonne of paper produced, and it thus represents a major disposal
problem to the paper industry (Fan et al., 2003; Guerfali et al., 2014; Yamashita et al., 2010).
Although some of the PS is recycled back into the mills, the majority of PS is incinerated or
dumped into landfills, thereby contributing to current environmental concerns. Conversely, its
high polysaccharide content, composed of approximately 34 - 50% cellulose and 12 - 15%
hemicellulose, makes it an ideal candidate for bioethanol production (Kang ef al., 2010; Kim
et al., 2014; Marques et al., 2008; Peng and Chen, 2011; Yamashita et al., 2011). Figure 3.2

presents an overview of how paper sludge is generated.

Raw materials (biomass)

4

- > Paper industry (mills) E——) Products

1 .

Waste-streams \
Land
AW

Biological treatment Mechanical treatment Incinerated
- S /

Paper sludge (by-product) <

l \ Landfills

Potential feedstock for biofuel
production

O ® —0o< O @3

Figure 3.2. Schematic overview on the generation of paper sludge (Modified from Bayer et
al., 2007).

One of the major limiting factors to achieving efficient hydrolysis is overcoming substrate
recalcitrance (Botha and von Blottnitz, 2006; Leibbrandt et al., 2011; Pandey et al., 2000).

Thus, pre-treatment has been considered crucial for reducing biomass recalcitrance and
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improving cellulose accessibility (Chandra et al.,, 2007, Himmel et al., 2007; Van Dyk and
Pletschke, 2012). One of the most widely used pre-treatment methods includes steam
explosion, which is the process whereby a substrate is treated with hot steam (180 - 240°C)
under high pressure (1- 3.5 MPa). This is followed by a rapid drop in pressure, causing biomass
separation (Karp et al., 2013; McMillan, 1994; Ohgren et al., 2007; Sun and Cheng, 2002).
During the process, lignin is redistributed or partially removed from the biomass, however,
numerous studies have found the lignin content to increase after steam explosion (De
Albuquerque Wanderley et al., 2013; Pan et al., 2005). Although the fundamental
understanding behind this phenomenon is not understood, it has been proposed that this is
caused by xylan degradation products, which produce insoluble pseudo-lignin (Sannigrahi et
al., 2011; Vivekanand et al., 2014). It has been reported that SEB contains approximately 45%
cellulose, 15% hemicellulose and 35 - 40% lignin (Martin et al., 2008; Vivekanand et al.,
2014).

Although pre-treatment is an important cost driver for efficient cellulose degradation, the
process may result in the formation of inhibitory compounds that could potentially hamper
enzyme hydrolysis (Garcia-Aparicio et al., 2006; Kont et al., 2013; Ximenes et al., 2011).
These inhibitory compounds include: 1) sugars (oligomers); ii) phenolics (hydroxybenzoic acid,
gallic acid and vanillin); ii1) weak organic acids (acetic, succinic, levulinic and formic acids)
and iv) furans (furfural and hydroxymethylfurfural) (Brodeur et al, 2011; Hendriks and
Zeeman, 2009; Xiemenes et al., 2011; Zha et al., 2014). An added concern relating to the
inefficiency of substrate hydrolysis, is the non-productive binding of cellulases to lignin (Leu
and Zhu, 2012; Liu and Zhu, 2013; Rahikainen et al., 2013). While this interaction is yet to be
fully elucidated, several researchers have proposed that this may be linked to the hydrophobic,
electrostatic and hydrogen bonding interactions between the substrate and enzyme (Berlin et

al., 2006; Eriksson et al., 2002; Moxley et al., 2012; Nakagame et al., 2011).

Since lignin is a rate-limiting factor in the efficient hydrolysis of cellulose, it is important to
determine whether a substrate contains a high lignin content (Lee et al., 2014; Zhao et al.,
2012). In addition to chemical compositional analysis, various techniques have been developed
to determine the lignin distribution in various biomass substrates (Sant’Anna and de Souza,
2012). Histochemical assays, such as the Wiesner (phloroglucinol-HCL) and Maule (potassium
permanganate) methods are well established staining methods which allows for visualising the
content and localisation of syringyl and guaiacyl lignin in a substrate (Trabucco et al., 2013).

In the presence of lignin, the dyes (phloroglucinol-HCL and potassium permanganate) react
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with aromatic aldehydes in lignin, causing an acid-catalysed condensation reaction (Figure
3.3), resulting in a colour change (Stange et al., 2011). Phloroglucinol-HCI stains lignin a red-
violet colour, whereas potassium permangenate stains angiosperm and gymnosperm lignin a

brown and magenta colour, respectively (Dean, 1997; Trubucco et al., 2013).
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Figure 3.3. Proposed reaction of the Wiesner staining method. Phloroglucinol-HCL reacts

with aromatic aldehydes that are present in the lignin, causing a colour change (Adapted from
Pomar et al., 2002).

The most crucial step in cellulose hydrolysis is the adsorption of cellulases to the substrate, and
it has been reported that the presence of a CBM plays a crucial role in cellulase adsorption
(Kim et al., 2014). However, the adsorption characteristics of an enzyme is dependent on the
structural characteristics of the substrate (accessibility to binding sites on the cellulose surface)
(Zhang and Lynd, 2004). Du ef al. (2012) reported that cellulases can remain bound to the
cellulose surface or can be found free in solution, and that binding can be reversible or
irreversible. The presence of lignin may cause unproductive binding of cellulases, which in
turn affects the overall rate of cellulose hydrolysis. One of the simplest methods to assess how
much protein has adsorbed to the substrate is to estimate the amount of dissolved protein by

the Bradford method and enzyme activity assays (Kumar and Wyman, 2008).

It is important to understand the characteristics of a particular substrate as this could aid in
unlocking fundamental information for elucidating substrate-enzyme interactions. By gaining
an understanding of these interactions, optimal enzyme cocktails can be designed, which could
ultimately make the current technologies more feasible (Leu and Zhu, 2012; Palonen et al,,

2004; Rahikainen et al., 2013; Yang et al., 2011).
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3.2 Aims and Objectives
3.2.1 Aims
e To determine the characteristics of complex cellulosic substrates (Avicel, SEB and PS);

e To investigate the factors that affect substrate-enzyme interactions.

3.2.2 Objectives

e To determine the chemical composition of Avicel, SEB and PS, using HPLC and
various sugar Kkits;

e To perform histochemical assays to identify the lignin content in each substrate;

e To investigate the inhibitory effects of compounds present in the substrates on enzyme
activity;

e Toinvestigate the adsorption/desorption patterns of cellulases to the different substrates
by determining the protein content in the supernatant (Bradford assay) as well as
assessing enzyme activity (DNS assay);

e To carry out SDS-PAGE.

3.3 Methods

3.3.1 Substrate preparation

Avicel was used as a reference substrate and SEB and PS were used as natural materials for
representatives of agricultural and municipal residues, respectively (Refer to section 2.3.3). All
substrates were prepared to a 2% (w/v) final concentration in sodium citrate buffer (pH 5.0;
0.05 M).

3.3.2 Substrate composition analysis

The natural substrates were characterized according to a modified sulphuric acid method by
Sluiter et al. (2010), developed by the National Renewable Energy Laboratory (NREL, U.S.A).
Substrate (300 mg) was hydrolysed with 72% (w/v) sulphuric acid (300 mg in 3 mL sulphuric
acid) and incubated at 30°C for 1 hour, with regular mixing. The samples were diluted with
deionised water (74 mL) and then autoclaved for 1 hour. The resulting mixture was filtered to
remove insoluble lignin. The solid fraction was dried at 50°C for 48 hours and weighed to
determine the amount of insoluble lignin, and the liquid fraction was analysed for
monosaccharide sugars. p-sugar kits (Megazyme International, Bray, Ireland) were used to
estimate the amount of monomeric sugars (glucose, galactose, xylose and mannose). The

phenolic content was estimated using the Folin-Ciocalteu method and a Shimadzu HPLC,
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equipped with a Refractive Index Detector and Shodex column (8.0 mm ID x 300 mm L, SP-

0810, Japan), was used to detect the presence of cellobiose and arabinose (Abboo et al., 2014).

3.3.3 Light microscopy (Histochemical assays for lignin)

3.3.3.1 Miiule staining

Maiule staining was carried out by staining the substrates with 1% (w/v) potassium
permanganate solution. After 5 minutes, the samples were rinsed with water until the potassium
permanganate was no longer visible in the solution (Dean et al., 1997). The presence of lignin
was visualized using an Olympus BX40 light microscope and the images were captured using
an Olympus DP72 digital camera.

3.3.3.2 Wiesner staining

Wiesners staining was carried out by staining the substrates with phloroglucinol solution (2
volumes of 1% (w/v) phloroglucinol in 95% (v/v) ethanol) were mixed with 1 part 50% (v/v)
HCI) (Dean, 1997; Tao et al., 2009). The samples were incubated at room temperature for 5
minutes prior to use. The presence of lignin was visualized using an Olympus BX40 light

microscope and the images were captured using an Olympus DP72 digital camera.

3.3.4 Inhibition/activation studies

The inhibitory effects of by-products present in the substrates (SEB and PS) were tested by
preparing the substrates in sodium citrate buffer (pH 5.0; 0.05 M). After 24 hours of mixing,
the samples were centrifuged for 10 minutes (16 060 x g) and the supernatant (wash) was kept
aside. Cellulase activity assays were performed as previously described in section 2.3.6, using
their respective substrates that were diluted in the wash. Reactions set up included a positive
control which contained the substrate without the enzyme; and enzyme controls, which
contained only the enzyme without substrate.

3.3.5 Adsorption studies

The adsorption of CBHI, EGII and BGL (25 ug) to Avicel, SEB and PS was conducted at 50°C
and followed for 120 minutes in sodium citrate buffer (pH 5.0; 0.05 M). These three enzymes
were chosen as representatives for each major cellulase class (E.C), based on their modes of
action. Samples were prepared in separate assay tubes and were removed at various time
intervals (10, 20, 30, 60, 90 and 120 minutes) and centrifuged for 5 minutes at 16 060 x g. The
protein concentrations in the supernatant were measured as described previously (section
2.3.5). The amount of non-adsorbed protein was determined from the supernatant with activity

assays described previously (section 2.3.6) and further assessed by running the samples on a
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SDS-PAGE gel as described in section 2.3.7. Partially purified cellulase samples (positive

control) were run in parallel with the supernatants from the binding assays.

3.4 Results

3.4.1 Chemical compositional analysis of natural substrates

The chemical composition of SEB and PS was determined using the sulphuric acid method as
described in section 3.3.2. The composition of Avicel has been reported in literature and is said
to be composed of >90% glucan. Table 3.1 showed that both the natural substrates had a high
polysaccharide content. SEB was made up of 42% glucan, 7.2% xylan, 5.8% mannan and 2.3%
arabinan, while PS was composed of 48% glucan, 2.7% xylan, 2.2% mannan and 3.9%. Both
the substrates had a high lignin content — 41.2% and 40% in SEB and PS, repectively. Only
small amounts of soluble lignin were detected in each substrate (1.2%).

Table 3.1. Compositional analysis of SEB and PS.

Content (%) Steam exploded bagasse Paper sludge
Glucan? 42 48

Xylan? 7.2 2.7

Mannan? 5.8 2.2

Galactan? 0 3.9
Arabinan® 2.3 0

Soluble phenolics® 1.2 1.2

Insoluble lignin and ash¢ 41.2 40

*Megazyme sugar kits, "HPLC, “Folin-Ciocalteu method, “Weighing balance. Data represent the
mean values of triplicates (n=3; SD <10%)

3.4.2 Light microscopy (Histochemical assays for lignin)

The presence of syringyl and guaiacyl lignin in the three substrates were determined
histochemically, as described in section 3.3.3. Figure 3.4 (A+D) showed that Avicel did not
contain any lignin, since the observed staining was not a brown or magenta colour (which are
indications of lignin by the Méaule and Wiesner methods, respectively). The Méule method
showed that SEB (Figure 3.4B) and PS (Figure 3.4C) had a high lignin content, as evident by
the dark brown colouration observed for both substrates. The Wiesner method also indicated
the high lignin content in SEB (Figure 3.4E) and PS (Figure 3.4F), apparent from the dark

brown and red-violet colour observed in each substrate, respectively.
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Figure 3.4. Histochemical analysis for syringyl and guaiacyl lignin in Avicel, SEB and PS.

(A): Avicel; (B): SEB; (C): PS, after potassium permanganate staining (Méule method) and
(D): Avicel; (E): SEB; (F): PS, after phloroglucinol-HCI staining (Wiesner method). Scale bar:

100 pm; 10 x magnification.

3.4.3 The effect of by-products/chemicals from pre-treatment on cellulase activity

The effect of potential by-products in SEB and PS, on cellulase activities, were assessed
(section 3.3.4). Inhibition from the SEB wash was observed for Avicel hydrolysis (Figure
3.5A). The activities of CBHI, CBHII and BGL were inhibited by 40, 20 and 80%, respectively.
No inhibitory effects were observed for EGI and EGII; their activities were activated by 5 and
50%, respectively. Furthermore, the data in Figure 3.5B showed that no inhibition from the PS
wash on Avicel hydrolysis took place. In fact, the activities of CBHI, CBHII, EGI, EGII and
BGL were activated by 157, 158, 34, 72 and 17%, respectively. These results indicated that
SEB and PS contained compounds and/or chemicals, which may have led to the inhibition and

activation profiles of the cellulases.
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Figure 3.5. Effect of degradation products and chemicals present in SEB and PS on Avicel
hydrolysis. Cellulase activities were measured in the presence of (A): SEB wash and (B): PS
wash (Grey bars). Hydrolysis controls (100%) are represented by the black bars (enzyme
activity assays on their respective substrates). Values are represented as mean values = SD
(n=3).

3.4.4 Binding assays

The adsorption profiles of CBHI, EGII and BGL were performed as described in section 3.3.5.
Adsorption was rapid for all three substrates, with maximum adsorption taking place in the first
10 minutes (Figure 3.6). The cellulases completely bound to Avicel and remained adsorbed to
the substrate during hydrolysis (Figure 3.6A), whereas the cellulases desorbed from SEB and
PS throughout hydrolysis (Figure 3.6 B and C, respectively). Approximately 75% protein
bound to SEB, whereas, for PS, only CBHI remained bound to the substrate. Approximately
only 50% of EGII remained bound to PS, whereas BGL desorbed rapidly after 30 minutes, with
40% protein bound to the substrate after 120 minutes. Despite the low relative protein content

of EGII observed from the Bradford assay, the activity assays on the supernatants showed the
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presence of EGII after adsorption. The results indicated that approximately 85% and 70% of
EGII did not bind to Avicel and SEB, respectively. Another interesting observation made was

the activated EGII activity (>40%) in the supernatant after adsorption to PS.
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Figure 3.6. Cellulase adsorption profiles on complex substrates. Cellulase adsorption and
activities were measured from the hydrolysis of (A): Avicel; (B): SEB and (C): PS. The lines
represent cellulase adsorption and the bars represent cellulase activity in the supernatant (non-

adsorbed protein). Values are represented as mean values £ SD (n=3).
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3.4.5 SDS-PAGE analyses after 120 h

To further investigate the adsorption of the cellulases, SDS-PAGE was carried out on non-
adsorbed cellulases present in the supernatants after adsorption studies for each substrate
(Figure 3.7). As shown from the SDS-PAGE gel, the cellulases were not present in the
supernatant fraction (lanes C; E and G). This was probably due to substrate binding which
confirmed the adsorption profiles reported in section 3.4.4
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Figure 3.7. SDS-PAGE analyses of cellulases in the supernatant after hydrolysis of A:
Avicel; B: SEB; C: PS after 120 h. 15 pl of each cellulase and 5 ul of prestained marker was
loaded onto a 10% (w/v) SDS-PAGE gel and proteins were stained with Coomassie Blue. Lane
(A): Prestained molecular marker; lane (B): CBHI; lane (C): CBHI in supernatant; lane (D):
EG1,; lane (E): EGI in supernatant; lane (F): BGL and lane (G): BGL in supernatant. Molecular
masses (kDa) of marker proteins are shown on the left. Boxes represent positive controls,

containing partially purified cellulase samples before hydrolysis.
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3.5 Discussion

Lignocellulosic biomass has gained significant attention as a potential feedstock for biofuel
production, due to its abundance and high sugar content (Cardona et al., 2010; Wyman, 2007).
However, the structural characteristics of a substrate plays a significant role in the efficiency
of enzymatic hydrolysis (McMillan, 1994; Sun and Cheng, 2002). Thus, substrate
characterisation proved crucial for providing insights for future experiments. In this study, a

model substrate (Avicel) and two natural substrates (SEB and PS) were characterised.

Chemical composition of substrates
Results from literature have reported that Avicel contains a high polysaccharide content (>90%

glucan) and no lignin (Esteghlalian et al., 2002; Qing and Wyman, 2011).

SEB was composed of 42% glucan, 7.2% xylan, 5.8% mannan and 2.3% arabinan, 40%
insoluble lignin and ash, and 1.2% soluble phenolics (Table 3.1). This was similar to the
analysis carried out by Martin et al. (2008), who determined the composition of SEB to be 45%
glucan, 12.9% xylan, 1.4% arabinan, 23.1% Klason lignin and 13.8% ash and other extractives.
Vivekanand et al. (2014), similarly, found SEB to contain 38 - 41% glucan, 8.1 - 12.7% xylan,
0.2 - 0.7% arabinan, 0 - 0.1% galactan and 26.5 - 46% lignin. The polysaccharide content
demonstrates the capacity of SEB to be converted into fermentable sugars, ultimately making
it an attractive feedstock for biofuel production (Pandiyan et al, 2014). However, it is
important to note that SEB contained a high lignin content, which may cause unproductive

enzyme binding onto the lignin surface.

PS displayed a similar composition to SEB, and was composed of 48% glucan, 2.7% xylan,
2.2% mannan and 3.9%, 41.2% lignin and ash, and 1.2% soluble phenolics (Table 3.1). These
results were similar to the findings of Dobson (2013), who had determined PS to be composed
of 34% cellulose, 14.26% hemicellulose and 32.72% lignin and ash. Furthermore, Kim et al.
(2000) determined the cellulose, hemicellulose and lignin content of paper sludge to be 58, 12
and 20%, respectively. Cavka et al. (2013) alternatively found PS to contain a much higher
glucan content (69.1 - 89.7%) and lower lignin and ash content (2.5 - 7.2%) than what was
reported in this study. Although the PS in this study contained as much as 41.2% insoluble

lignin and ash, its high polysaccharide content makes it a feasible substrate for bioconversion.
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Light microscopy (Histochemical assays for lignin)

Lignin was not detected in Avicel after being stained with potassium permanganate (Maule
method) and phloroglucinol-HCL (Wiesner method) (Figure 3.4 A+D). Although a green-
yellow stain was observed, it is important to note that it is not an indication of lignin, and may

have been caused by the staining of polysaccharides.

The natural substrates showed the presence of lignin, which was evident from both staining
methods (Figure 3.4 B+C+E+F). Both SEB (Figure 3.4B) and PS (Figure 3.4C) turned brown
in colour after being stained with potassium permanganate, indicating the presence of guaiacyl
(gymnosperm) lignin. After being stained with phloroglucinol-HCL, SEB turned dark brown
in colour (Figure 3.4E), indicating the presence of highly lignified tissue (Trabucco et al.,
2013). PS turned a red-violet colour (Figure 3.4F) which indicated cell wall lignification at an

early stage (Pomar et al., 2002).

The effect of by-products/chemicals from SEB and PS treatment on cellulase activity

Figure 3.5A showed that the activities of CBHI, CBHII and BGL were inhibited by the SEB
wash (supernatant) by 40, 20 and 80%, respectively, whereas the activities of EGI and EGII
were activated by 5 and 50%, respectively (Grey bars). This was evident by comparison to their
activities on their respective substrates, which served as the controls for this study (Black bars).
According to Kont et al. (2013), inhibitory compounds are generated during pre-treatment
which may hamper enzyme activity. A study conducted by Martin et al. (2002) found that
steam explosion of sugarcane bagasse resulted in the formation of inhibitory by-products,
including furfural, formic acid, acetic acid, levulinic acid and phenolic compounds. Similarly,
steam exploded Lespedeza stalks and wheat straw also produced these inhibitory compounds
(Feng et al., 2006; Moreno et al., 2013). Steam explosion of barley straw produced these
inhibitory compounds, but the results indicated that sugars had a higher inhibitory effect than
the degradation by-products (Garcia-Aparicio et al, 2006). The activation of the
endoglucanases were unexpected. However, a study performed by Pecarovicova et al. (1989)
showed that several phenolic compounds had activating effects on the cellulases from T. reesei
QM 9414, whereas Panagiotou and Olsson (2007) similarly found that acetosyringone and
guaiacol activated enzyme activity. Identification of the exact inhibitors present in the SEB
wash was beyond the scope of this study and would require additional experimental procedures
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such as gas chromatography—mass spectrometry (GC-MS) and liquid chromatography-mass
spectrometry (LC-MS) (Jonsson et al., 2013; Martin et al., 2002).

Figure 3.5B showed that no inhibition was exhibited by the PS wash on Avicel hydrolysis;
however, the activities of CBHI, CBHII, EGI, EGII and BGL were activated by 157, 158, 34,
72 and 17%, respectively (Grey bars). Limited studies have been conducted on the effects of
PS on enzyme activity; however, studies have reported that filler materials such as kaolin and
calcium carbonate as well as ash may have inhibitory effects on cellulase activity (Kang et al.,
2010; Nikolov et al., 2000). To the best of our knowledge, no studies have reported enzyme
activation from PS on Avicel hydrolysis, however, Beukes et al. (2006) reported that sulphide
and sulphite may have activating effects on enzyme activity. The waste-water streams in the
paper and pulp industry contain large amounts of sulphur compounds, which may still be
present in the sludge after biological and mechanical treatment (Paula and Foresti, 2009).
Furthermore, Scott and Smith (1997) reported that phthalates, naphthalene, chloroform, wood
derivatives (abietic acid and retene), phosphorous, nitrogen and calcium are present in sludge
and thus we proposed that these compounds may also have caused enzyme activation.
However, further analysis would be required, such as GC-MS or LC-MS to detect the exact
compounds present in PS, followed by inhibition studies on those compounds (Jonsson et al.,
2013; Martin et al., 2002). This would assist in identifying the compounds that activated

enzyme activity.

Adsorption studies

Adsorpton of cellulases on a substrate is a prerequisite for hydrolysis (Zhang and Lynd, 2004).
Figure 3.6A showed that CBHI, EGII and BGL rapidly adsorbed to Avicel and had completely
bound to the substrate in the first 10 minutes and remained bound during the course of
hydrolysis (line-graph). This was further confirmed by analysis of SDS-PAGE in Figure 3.7.
Lanes C, E and G represented the supernatant fractions after protein adsorption studies (no
protein detected on the gel). This was consistent with the finding of Kumar and Wyman (2009)
who reported that cellulase adsorption to Avicel took place rapidly, and that maximum
adsorption occurred in the first 10 minutes. Singh et al. (1991) and Steiner et al. (1988) also
reported that cellulases rapidly bound to Avicel, with maximum adsorption occurring within

the first 1 - 2 minutes.
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Enzymes containing CBMs (such as the CBHI used in this study), are thought to enhance
enzyme-substrate binding (Kim et al., 2014), thus presenting a possible explanation for the
rapid adsorption of CBHI to Avicel; however, EGII used in this study did not contain a CBM
but still rapidly adsorbed to Avicel. This may further be linked to the availability of binding
sites on its surface (accessibility of cellulose) (Hu et al., 2015; Palonen et al., 2004). From the
histochemical analyses in Figure 3.4, it was observed that Avicel had no lignin or
hemicellulose, thus the absence of these two components aided in rapid cellulase adsorption to
Avicel. The ability of BGL to rapidly bind to Avicel was interesting, since BGLs are known to
initiate their activities on cellobiose and binding to Avicel was not expected (Haven and
Jorgensen, 2013). However, numerous studies have reported that BGL adsorbs to cellulose, but
the reasons for this are unknown (Pareek et al., 2013; Pribowo et al., 2012; Vérnai et al., 2010).
Although the results showed that EGII was bound to the substrate, activity assays performed
on the supernatant after adsorption studies showed that it was found free in solution (bar-
graphs). It was proposed that the Bradford assay and the Coomassie stain were not sensitive
enough to detect proteins at low concentrations. More sensitive methods, such as the Lowry
assay for protein estimation and silver staining to assess the amount of non-adsorbed proteins

in the supernatant could be conducted in future assays.

Figure 3.6B showed that CBHI, EGII and BGL rapidly adsorbed to SEB and approximately
10% of protein remained unbound after 120 hours. This was further confirmed by SDS-PAGE
analysis in Figure 3.7B, which showed that the supernatant fractions in lanes C, E and G
contained no protein after adsorption studies. According to Haven and Jargensen (2013),
adsorption of cellulases to pre-treated substrates takes place at a rapid rate. However, the rapid
adsorption may be linked to the presence of lignin. SEB in this study contained approximately
40% insoluble lignin and ash, which may have caused non-productive binding of the cellulases.
It has been reported that non-productive binding of cellulases to lignin occurs through
hydrophobic interactions, thus leading to lower hydrolysis rates (Haven and Jgrgensen, 2013;
Leu and Zhu, 2012; Liu and Zhu, 2013; Rahikainen et al., 2013). It is therefore essential to
differentiate between enzymes binding to cellulose or lignin-rich fractions, however, this was
outside the scope of the study. Additional experiments could include lignin-rich fractions, to
assess whether the enzymes bind to the lignin and to what extent. The addition of BSA would
also be useful to block non-cellulosic surfaces, thus developing a better understanding of
enzyme-substrate interactions (Arantes and Saddler, 2010). A more developed technique could

include an ELISA-based method. This method is based on attaching an enzyme with antibodies
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that will allow for monitoring and quantifying each enzyme during the hydrolysis of a
particular substrate (Pribowo et al., 2012). EGII and BGL partially desorbed from the substrate
and had reached equilibrium at 30 minutes, whereas CBHI partially desorbed from the substrate
and then re-adsorbed onto the substrate throughout the course of hydrolysis. Den Haan et al.
(2013) reported that desorption and re-adsorption takes place as result of enzymes attaching to
available substrate binding sites, thus forming an enzyme-substrate complex. Once the sites
have been hydrolysed, the enzyme detaches and desorption takes place. Desorption could also
be attributable to enzymes competing for binding sites on the surface. Since SEB is more varied
in composition than Avicel, the available surface for enzyme binding may have been limited
(Palonen et al., 2004). It would have been advantageous to do Simons’ staining, which is a
microscopic method used to visualise cellulosic surface accessibility, by staining cellulose
yellow/orange (Hu et al., 2015; Xiaochun et al., 1995).

Figure 3.6C showed that CBHI, EGII and BGL rapidly adsorbed to PS within 10 minutes. After
hydrolysis, CBHI remained bound to the substrate (possibly linked to the CBM), whereas
approximately only 60% of BGL and EGII remained bound to the substrate. SDS-PAGE
analysis in Figure 3.7C, showed that the supernatant fractions in lanes C, E and G contained
no protein after adsorption studies. Although approximately 40% of BGL and EGII were found
free in solution, these were not observable on the gel. This may be linked to the sensitivity of
the Coomassie staining method, as it is unable to detect proteins at low concentrations. In
addition to silver staining, the proteins could have been concentrated by methods such as
acetone or ammonium sulphate precipitation to allow for better detection on the gel. Since PS
contains a high percentage of lignin (41.2%), it was inconclusive whether adsorption was
linked to the enzyme binding to the substrate or rather the non-productive binding to lignin
(Haven and Jgrgensen, 2013; Leu and Zhu, 2012; Liu and Zhu, 2013; Rahikainen et al., 2013).
The presence of a CBM may also enhance the non-productive binding of the enzyme onto
lignin, due to its hydrophobic affinity (Guo et al. 2014). Furthermore, the enzyme assays on
the supernatant after adsorption studies, further confirmed that CBHI had completely bound to
the substrate. Activity by EGII in the supernatant after adsorption studies was exhibited, which
was expected since 40% of protein remained free in solution. It is important to note though,
that the activity of EGII was activated. This correlates well with the data in section 3.5B, which
found that the presence of chemicals/by-products in PS may have had a positive effect on
cellulase activity. Unexpectedly, no BGL activity was detected in the supernatant after

adsorption studies (DNS assay), although 40% remained free in solution (Bradford assay). A
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possible explanation for this may be enzyme inactivation/denaturatiom. A study performed by
Ye (2006) reported an overall loss in activity due to substrate - enzyme interactions, which
caused the enzyme to become inactivated. According to Pribowo et al (2012), proteins become
denatured due to irreversible adsorption to the interface.

25

3.6 Conclusions

In this study, three cellulosic substrates were successfully characterised with respect to their
chemical composition, inhibition characteristics and adsorption/desorption profiles. The
chemical composition analysis showed that both natural substrates contained a high
polysaccharide content, making them good candidates for hydrolysis studies. The results also
revealed that the natural substrates contained a large amount of lignin, which may be
detrimental for efficient substrate hydrolysis (Leu and Zhu, 2012; Liu and Zhu, 2013;
Rahikainen et al., 2013).

It was observed that the SEB and PS washes had an effect on enzyme activity for Avicel
hydrolysis. Inhibition of CBHI, CBHII and BGL took place in the presence of SEB, whereas
the EGs were activated. Furthermore, all the enzymes activities were activated in the presence
of the PS wash. The exact compounds present in the substrates could not be identified, as
methods such as GC-MS and LC-MS would have been required (Jonsson et al., 2013; Martin
et al., 2002). However, it is assumed that potential by-products such as phenolics, acids and
furans from pre-treatment and compounds present in SEB and sulphur compounds in the PS
may have caused these effects (Beukes and Pletschke, 2010; Kang et al., 2010; Martin et al.,
2002). To the best of our knowledge, this is the first study that has found activating effects on

cellulase activity from PS, thus presenting a novel finding.

This study provided an understanding of enzyme-substrate interactions. Adsorption studies
showed that the cellulases rapidly bound to the substrates within 10 minutes, however, it was
unclear whether it was due to the enzyme binding to the substrate or lignin. Further experiments
such as including lignin-rich fractions or ELISA-based methods may aid towards a better

understanding of enzyme adsorption.

It has been reported that the characteristics of a substrate may influence the activities of
enzymes, which in turn, has an affect on the synergistic interactions established them. Thus,

substrate characterisation in this study allowed for a better understanding of the factors that
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affect enzyme-substrate interactions, thus provided useful insights for synergy studies in
Chapter 4.
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Chapter 4: Enzyme synerqy on complex substrates

4.1 Introduction

The conversion of cellulosic biomass into fermentable sugars is hindered by its recalcitrant
structure (Bayer et al., 1998; Limayem and Ricke, 2012; Zhao et al., 2012). Consequently,
multiple cellulases are required to act in synergy for complete cellulose degradation (Ganner
et al., 2012; Horn et al., 2012). The concerted action of these enzymes significantly enhances
bioconversion as opposed to when the enzymes are acting individually on a substrate (Boisset
et al., 2000; Converse and Optekar, 1993; Kostylev and Wilson, 2012; Valjamae et al., 1999;
Van Dyk and Pletschke, 2012). Consequently, this phenomena has gained worldwide attention
in research pertaining to the biofuel industry (Hall et al., 2010; Horn et al., 2012; Mohanram
etal., 2013; Yang et al., 2011).

In efforts to obtain high degrees of synergy (DS) and enhanced cellulose hydrolysis, several
researchers have strived to optimise cellulase cocktails (Boisset et al., 2001; Den Haan et al.,
2013; Gusakov et al., 2007; Kallioinen et al., 2014; Meyer et al., 2009; Mohanram et al., 2013;
Nidetzky et al., 1994; Zhou et al., 2009). Despite the extensive number of studies that have
been reported in literature, large variations exist in the results obtained. Consequently, the exact
mechanism by which these enzymes initiate their attack on a substrate and act synergistically
is yet to be fully elucidated (Ganner et al., 2012; Irwin et al., 1993; Jeoh et al., 2006; Medve
etal., 1994; Woodward et al., 1988). For that reason, further investigation into enzyme synergy
is essential for gaining a deeper understanding of what takes place at a molecular level (Jalak
et al., 2012; Kostylev and Wilson, 2012; Lynd et al., 2002; Yang et al., 2011). In addition to
cellulase synergy, studies have reported that cellulose degradation can be improved to an even
greater extent by using a combination of cellulases and xylanases (Bura et al., 2003; Choudhary
et al., 2014; Garcia-Aparicio et al., 2007; Hu et al., 2011; Kumar and Wyman, 2009; Morais
et al., 2010; Selig et al., 2008). This is based on the assumption that xylanases make the
cellulose more accessible to the cellulases by removing xylan that may be covering the
cellulose polymer (Kumar and Wyman, 2009; Hu et al., 2011; Qing et al., 2010; Zhang et al.,
2011). Although this chapter primarily focused on obtaining insights into the synergistic
interactions between various cellulases, synergy between cellulases and a bacterial xylanase

was included to determine whether this interaction could boost cellulose degradation.
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Factors such as time and the characteristics of an enzyme and substrate are believed to be major
contributors to enzyme synergy (Kostylev and Wilson, 2012; Van Dyk and Pletschke, 2012;
Yang et al., 2011). Therefore, this chapter explored the synergistic interactions of cellulases on
various complex substrates, and investigated the effect of time on enzyme synergy. In an
attempt to understand cellulase mechanisms, model substrates such as Avicel has been the
substrate of choice of many researchers (Converse and Optekar, 1993; Woodward et al., 1988).
Conversely, insufficient data has been published on the synergistic interactions between
enzymes on natural cellulosic substrates. Therefore, by conducting synergy studies on Avicel,
steam exploded bagasse and paper sludge, this study provided an interesting approach for
comparing differences in the synergistic interactions of selected enzymes on a model substrate
compared to more natural substrates. Furthermore, conflicting results have been reported on
the effect of time on enzyme synergistic interactions, thus presenting a knowledge gap that

requires further investigation

Since the recalcitrant structure of cellulose is the major technical and economical bottleneck in
the conversion into fermentable sugars, enzyme synergy has become a key topic in current
research pertaining to the biofuel industry. This chapter investigated the interactions between
various enzymes on complex substrates to hopefully pave way for a better understanding into

enzyme synergy.

4.2 Aims and Objectives

4.2.1 Aims

To develop a better understanding of enzyme interactions on complex cellulosic substrates,
with a specific focus on how enzyme synergy is affected by different substrates. This was
conducted by:

-Investigating the synergistic interactions between different combinations of endo and exo
acting cellulases on the hydrolysis of a model substrate and two natural substrates;
-Investigating the synergistic interactions between an optimal cellulase cocktail and a bacterial

xylanase for the hydrolysis of Avicel, SEB and PS.

4.2.2 Objectives
e To conduct simultaneous bi-synergy studies between various cellulase combinations on
Avicel, SEB and PS and determine the optimal enzyme combinations required for the

hydrolysis of each substrate;
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e To investigate the effect of time on synergy for each substrate, using the optimal
enzyme combination obtained from the bi-synergy studies;

e To observe structural changes in the substrates after enzyme hydrolysis by scanning
electron microscopy (SEM);

e To conduct simultaneous tri-synergy studies between the optimal cellulase combination

and a bacterial xylanase on each substrate.

4.3 Methodology

4.3.1 Enzyme preparation

The cellulases used in this study were described in section 2.3.1. A bacterial xylanase (a
putative Bacillus species) was isolated and partially purified by Dr. A. Bhattacharya and kindly
provided for this study. The enzymes were diluted in sodium citrate buffer (pH 5.0; 0.05 M) to
a final concentration of 0.1 mg/mL.

4.3.2 Substrate preparation
Substrates were prepared as described in section 2.3.3.

4.3.3 Bi-synergy studies

Bi-synergy studies between the cellulases were conducted on Avicel, SEB and PS, by varying
the protein ratios (0 - 100%) in the reaction mixture of the total protein concentration (25 ug)
(Appendix 4A). The cellulases used in the experiments were based on the lowest protein
concentration that released at least 0.2 mg/mL (quantifiable concentration using the DNS
assay) of reducing sugars after 24 hours on Avicel hydrolysis. The assays were made up to a
final volume of 400 pL with sodium citrate buffer (pH 5.0; 0.05 M). B-glucosidase was added
at 10% total protein loading in all the reaction mixtures to avoid product inhibition. Assays
were performed in triplicate at 50°C for 24 hours for Avicel hydrolysis and 72 hours for PS
and SEB hydrolysis. After hydrolysis, the samples were centrifuged (16 060 x g) for 5 minutes
and the supernatants were assayed for the release of reducing sugars, as described in section
2.3.7. The release of reducing sugars was expressed as mg/mL and the DS was calculated by
dividing the activities of the combined enzymes by the theoretical sum of their individual

activities.
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4.3.4 Effect of time on enzyme synergy

The effect of time on enzyme synergy was investigated for the optimal binary enzyme
combination established for the hydrolysis of each of the three substrates. The assays were
made up to a final volume of 1200 pL with sodium citrate buffer (pH 5.0; 0.05 M) (Appendix
4B). B-glucosidase was added at 10% total protein loading in all the reaction mixtures to avoid
product inhibition. Samples were taken at 24 hour intervals from the same reaction tube for a
total of 120 hours and the amount of reducing sugars was measured as described in section
2.3.7.

4.3.5 SEM

Supramolecular structures of hydrolysed and un-hydrolysed substrates (control) were observed
by SEM. Prior to analysis, the substrates were freeze-dried for 24 hours and added to a metal
stub. Samples were coated with a thin layer of gold and observed using SEM (Vega®© Tescan)
at 2000 magnification (Cross, 2001).

4.3.6 Tri-synergy studies between cellulases and a xylanase

A xylanase was added at varying amounts (25, 50 and 75%) to a cellulase cocktail, while
keeping the protein concentration in the reaction mixture constant (25 pg) (Appendix 4C). The
ratio between cellulases required for optimal hydrolysis of each substrate was kept the same.
The assays were made up to a final volume of 400 pL with sodium citrate buffer (pH 5.0; 0.05
M). B-glucosidase was added at 10% total protein loading in all the reaction mixtures to avoid
product inhibition. Assays were performed in triplicate at 50°C for 24 hours for Avicel
hydrolysis and 72 hours for PS and SEB hydrolysis. After hydrolysis, the samples were
centrifuged (16 060 x g) for 5 minutes and the supernatants were assayed for the release of

reducing sugars, as described in section 2.3.7.

4.4 Results

4.4.1. Bi-synergy studies
Synergy between CBHI, CBHII, EGI and EGII on the hydrolysis of Avicel, SEB and PS was

determined as described in section 4.3.3.

4.4.1.1 Bi-synergy studies on Avicel hydrolysis
Figure 4.1 shows the synergistic interactions between (A) CBHI and CBHII (B) EGI and EGII
(C) CBHI and EGI; (D) CBHI and EGII; (E) CBHII and EGI; (F) CBHII and EGII on the
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hydrolysis of Avicel after 24 hours. All combinations, except for the EGI: EGII combination
enhanced Avicel hydrolysis as opposed to when the enzymes were used individually.
Furthermore, synergy was observed between all combinations, except for the EGI: EGII and
CBHII: EGIlI combinations. The general trend observed by all combinations was that
hydrolysis was enhanced when the ratio of CBH to EG was higher in a reaction mixture. The
highest quantity of reducing sugars of 0.88 mg/mL was produced by the enzyme combination
75% CBHI: 25% EGII, which exhibited a DS of 1.38 (Figure 4.1D). However, it was
interesting to note that the combinations 50% CBHI: 50% CBHII (Figure 4.1A) and 75%
CBHII: 25% EGI (Figure 4.1E) produced similar results of 0.83 mg/mL and 0.86 mg/mL in
reducing sugars, respectively and exhibited a DS of 1.31 and 1.37, respectively. Thus, the
optimal ratio required for Avicel hydrolysis was not conclusive.

4.4.1.2 Bi-synergy studies on SEB hydrolysis

Figure 4.2 shows the synergistic interactions between (A) CBHI and CBHII (B) EGI and EGII
(C) CBHI and EGI; (D) CBHI and EGII; (E) CBHII and EGI; (F) CBHII and EGII on the
hydrolysis of SEB after 72 hours. It was found that the only enzyme combination to
considerably enhance SEB hydrolysis was the 75% CBHI: 25% EGI enzyme combination
(Figure 4.2C). All the other combinations were found to only slightly enhance SEB hydrolysis
or in some cases found to decrease hydrolysis. This optimal combination [CBHI (75): EGI
(25)] liberated 0.75 mg/mL of reducing sugars and exhibited a DS of 1.07. This was an
indication that the enzymes did not act synergistically on SEB. Similar to Avicel hydrolysis, a

higher ratio of CBH to EG was required for SEB hydrolysis.

4.4.1.3 Bi-synergy studies on PS hydrolysis

Figure 4.3 shows the synergistic interactions between (A) CBHI and CBHII (B) EGI and EGII
(C) CBHI and EGI; (D) CBHI and EGII; (E) CBHII and EGI; (F) CBHII and EGII during the
hydrolysis of PS after 72 hours. It was found that only a few enzyme combinations resulted in
the release of reducing sugars, whereby the 75% CBHI: 25% EGII combination produced the
highest quantity of reducing sugars (0.49 mg/mL) (Figure 4.3D). This was the same enzyme
combination that was optimal for Avicel hydrolysis. When the enzymes were used individually,
even at 100% protein loading, they could not release sugars. Thus, the DS could not be
determined, but the concerted action of enzymes enhanced PS hydrolysis to a large extent.
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Figure 4.1. Synergy between various enzyme combinations in the hydrolysis of Avicel.
(A): CBHI and CBHlII; (B): EGI and EGII; (C): CBHI and EGI; (D): CBHI and EGII; (E):
CBHIl and EGI; (F): CBHII and EGII. Hydrolysis was carried out for 24 h at 50°C. Bar graphs
represent the release of reducing sugars (RS) and line graphs represent the DS. Data represent

the mean values of triplicates (n=3).
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Figure 4.2. Synergy between various enzyme combinations in the hydrolysis of SEB. (A):
CBHI and CBHII; (B): EGI and EGII; (C): CBHI and EGI; (D): CBHI and EGII; (E): CBHII
and EGI; (F): CBHII and EGII. Hydrolysis was carried out for 72 h at 50°C. Bar graphs

represent the release of reducing sugars (RS) and line graphs represent the DS. Data represent

the mean values of triplicates (n=3).
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Figure 4.3. Synergy between various enzyme combinations in the hydrolysis of PS. (A):
CBHI and CBHIl; (B): EGI and EGII; (C): CBHI and EGI; (D): CBHI and EGII; (E): CBHII
and EGI; (F): CBHII and EGII. Hydrolysis was carried out for 72 h at 50°C. Bar graphs

represent the release of reducing sugars (RS) and line graphs represent the DS. Data represent

the mean values of triplicates (n=3).
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4.4.2 Effect of time on enzyme synergy

Time course hydrolyses were conducted to further assess the synergistic interactions between
the optimal binary enzyme combinations for each substrate (Figure 4.4). Synergy was

determined as described in section 4.3.3 and 4.3.4.

4.4.2.1 Avicel Hydrolysis

Figure 4.4A shows that the amount of reducing sugars liberated by Avicel hydrolysis increased
over time. After 120 hours, the liberation of reducing sugars for 100% EGII, 100% CBHI and
75% CBHI: 25% EGII were 0.95 mg/mL, 1.95 mg/mL and 2.2 mg/mL, respectively. Optimal
synergy occurred at 24 hours (DS: 1.53) and decreased over time with a DS of 1.41 and 1.17
observed at 48 and 72 hours, respectively (data not shown). At 96 hours, a DS of 1 was
observed whereas no synergy was observed at 120 hours. It was thus apparent that synergy was

vital in the initial stages of Avicel hydrolysis.

4.4.2.2 SEB Hydrolysis

Figure 4.4B shows that the amount of reducing sugars released by SEB hydrolysis increased
over time. After 120 hours, the release of reducing sugars for 100% EGI, 100% CBHI and 75%
CBHI: 24% EGI were 0.81 mg/mL, 0.89 mg/mL and 1.83 mg/mL, respectively. At 24 hours,
the DS was 1, but increased to 1.25 at 48 hours (data not shown). At 72 hours, the DS decreased
to 1.15 and decreased again to 1.05 at 96 hours. However, at 120 hours, an increase in DS was
observed and a DS of 1.28 was attained. It was thus apparent that the synergistic behaviour
between the enzymes varied throughout the course of hydrolysis and their synergistic

interactions were unpredictable. In this regard, no distinct synergistic trend was observed.

4.4.2.3 PS Hydrolysis

Figure 4.4C shows that the amount of reducing sugars released by PS increased over time.
After 120 hours, 100% EGII, 100% CBHI and 75% CBHI: 25% EGII liberated 0.13 mg/mL,
0.43 mg/mL and 1.13 mg/mL of reducing sugars, respectively. High degrees of synergy (>2)
were observed throughout hydrolysis (data not shown). The DS was lower at the initial stage
of hydrolysis, with an observed DS of 2.15. The DS increased substantially to 4.52 at 48 hours
and increased to 5.26 and 5.66 at 72 and 96 hours, respectively. A decrease in DS was observed

at 120 hours, exhibiting a DS of 2.43. It was therefore apparent that synergy was lower at the

70

An investigation into the synergistic action of cellulose degrading enzymes on complex substrates




Chapter 4: Enzyme synergy

beginning and end of hydrolysis, with optimal synergy occurring during the middle to later

stages of hydrolysis.
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Figure 4.4. Synergy between cellulases in the time course hydrolysis of (A): Avicel; (B):
SEB and (C): PS. Solid lines represent the release of reducing sugars (RS) by the binary
cocktail and the dotted lines represent the theoretical sum of the reducing sugars (RS) liberated

by each enzyme. Data represent the mean values of triplicates (n=3).
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4.4.3 SEM analysis of hydrolysates

The hydrolysis samples from the temporal studies were visualised by SEM and compared to
un-hydrolysed substrates (Figure 4.5). The SEM micrographs showed that the hydrolysed
substrates had undergone structural changes. This was made evident by the less ordered
(amorphous) fibres (right) opposed to the more ordered (crystalline) fibres (left) displayed by
the un-hydrolysed substrates.

Un-hydrolysed substrates Hydrolysed substrates
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Figure 4.5. SEM images of (A): Avicel; (B): SEB; (C): PS before and after 120 h enzymatic
hydrolysis. The images on the left represent the unhydrolysed samples and the images on the
right represent the hydrolysed samples. Bars: 20 um, 2000 magnification.
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4.4.4 Tri-synergy studies between cellulases and a xylanase

Tri-synergy studies were performed between the optimal cellulase combination and a bacterial
xylanase on the hydrolysis of all three substrates, to assess whether the addition of xylanase
could further enhance cellulose degradation (Figure 4.6). Figure 4.6 indicates that the xylanase,
even at low concentrations, did not enhance cellulose degradation and that the cocktail
consisting of only cellulases [100% C: 0% X] liberated the highest quantity of reducing sugars
for all three substrates. No synergy was exhibited for the hydrolysis of Avicel and SEB,
however, a DS of 1.23 was observed on PS hydrolysis, when the ratio of xylanase to cellulase

was low (25% to 75%, respectively).
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Figure 4.6. Synergy between an optimal cellulase cocktail and bacterial xylanase for the
hydrolysis of (A): Avicel; (B): SEB and (C): PS Hydrolysis was carried out for 24 h for
Avicel and 72 h for SEB and PS at 50°C. Bar graphs represent the reducing sugars (RS) released

and line graphs represent the DS. Data represent the mean values of triplicates (n=3).
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4.5 Discussion

Bi-synergy studies

The efficient degradation of cellulose is a major bottleneck in biomass conversion (Bayer et
al., 1998; Kumar and Murthy, 2013; Zhao et al., 2012). However, it has been well documented
that the synergistic interactions of cellulases improves cellulose degradation (Den Haan et al.,
2013; Ganner et al., 2012; Henrissat et al., 1985; Ilmén et al., 2011; Nidetzky et al., 1994;
Teeri, 1997; Tomme et al., 1990). This has led researchers to optimise cellulase cocktails with
hopes of reducing costs for industrial applications (Balan, 2014; Mohanram et al., 2013; Pirota
et al., 2014). In this study the synergistic effects between various enzyme combinations were
investigated for the degradation of complex cellulosic substrates.

Understanding enzyme interactions on cellulosic biomass has been difficult to elucidate due to
the differences in biomass chemical compositions (Kostylev and Wilson, 2012; Zhang et al.,
2012). For the purpose of this study, Avicel was chosen as a reference substrate, as it is
commercially available and represents a well-defined microcrystalline substrate (Vazana et al.,
2013; Peciulyte et al., 2014). This provided a good comparison between enzyme synergy on
model compared to natural substrates. Furthermore, it allowed for determining whether model
substrates are still applicable when conducting enzyme synergy studies. The observed synergy
between the cellulases during Avicel hydrolysis are shown in Figure 4.1. It was found that the
enzyme combination 75% CBHI: 25% EGII released the highest quantity of reducing sugars
of 0.88 mg/mL and exhibited a DS of 1.38 (Figure 4.1D). However, the combination of 75%
CBHII: 25% EGI, similarly produced 0.86 mg/mL of reducing sugars and exhibited a DS of
1.37 (Figure 4.1E). Thus, the optimal enzyme cocktail required for Avicel hydrolysis was in-
conclusive. The endo-exo synergism observed in this study was in agreement with Den Haan
et al. (2013), who studied the synergistic interactions between the same recombinant cellulases
used in this study. It was reported that EGII synergistically interacted with CBHI and CBHI|,
and that optimal synergy and enhanced hydrolysis was exhibited by the CBHI and EGII
combination. Furthermore, endo-exo synergism has been reported by Henrissat et al. (1985);
Phillips (2011) and Woodward et al. (1988), who determined the best enzyme combinations
for Avicel hydrolysis to be 50% CBHI to 50% EGII; 97.4% CBHs to 2.6% EG and 67% CBHSs
to 33% EGII, respectively. We assumed that the concerted action of these enzymes enhanced
hydrolysis because EGII induced the synergistic effect by providing accessible sites for the
action of CBHI on Avicel (Beldman et al., 1988; Ganner et al., 2012; Henrissat et al., 1985;
Jalak et al., 2012; Nidetzky et al., 1994). This further agreed with the endo-exo synergism
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model proposed by Wood and Mcrae (1979). However, this model is an over-simplification of
a complex process that still needs to be elucidated (Kostylev and Wilson, 2014). Different
endo-exo synergy models have been proposed in literature, including the surface erosion model
by Véljamée et al. (1998), who hypothesised that the action of CBHI generates obstacles on a
substrate that prevents it from exhibiting further activity; however, it makes the substrate more
hydrolysable for EG. Furthermore, Igarashi et al. (2011) hypothesised that synergy takes place
as a result of a “traffic jam effect”. This model suggests that an enzyme can become “stuck”
on the substrate, due to obstacles in the crystalline cellulose chain. However, the accumulation
of blocked enzymes that are congested behind the obstructed enzyme enables it to overcome
these obstacles. This facilitated action results in increased substrate hydrolysis. Ganner et al.
(2012), on the contrary, suggested that synergism takes place via a “polishing” effect, whereby
the amorphous material is degraded first by the EGs so to expose the hidden crystalline regions,

which requires the activity of CBHI for its degradation.

An interesting observation was the synergistic interaction that occurred between the CBHs. A
combination of 50% CBHI: 50% CBHII produced as much as 0.83 mg/mL of reducing sugars
and exhibited a DS of 1.31 (Figure 4.1A). This phenomenon (exo-exo synergism) has been
reported by Den Haan et al. (2013), Fégerstam and Pettersson. (1980), Henrissat et al. (1985),
IImén et al. (2011), Nidetzky et al. (1994) and Tomme et al. (1990). According to this model,
synergism takes place because the CBHs attack from either side of the cellulose chain (reducing
and non-reducing ends) (Barr et al., 1996; Nutt et al., 1998; Wood and Mcrae, 1979).
Furthermore, Den Haan et al. (2013) suggested that CBHII aids in opening up the substrate,
therefore allowing CBHI to bind and degrade it. However, Ganner et al. (2012) proposed that
CBHII does more than just attack from the non-reducing end. AFM revealed that CBHII
exhibited EG activity, as it displayed activity on the amorphous regions. Thus, it polished the
substrate, exposing crystalline sites for CBHI. However, the CBHII in this study showed no
activity on CMC (Table 2.2), therefore our study did not agree with this model. The only
combinations that did not exhibit synergy were the EGI: EGII combinations (DS<1) (Figure
4.1B). This is in agreement with Woodward et al. (1988), who suggested that the EGs compete
with each other for the same binding sites on Avicel. Competition takes place as a result of
enzymes having the same or overlapping functions, thus unable to enhance cellulose
degradation (Van Dyk and Pletschke, 2012). Although similar results were demonstrated by
the combinations 75% CBHI: 25% EGII; 75% CBHII: 25% EGI and 50% CBHI: 50% CBHiI|,

a key observation made from these findings was that CBHs were the key enzymes required for
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efficient cellulose hydrolysis. In the endo-exo binary combination, a higher ratio of CBH to
EG was required. This was consistent with Andersen et al. (2008); Den Haan et al. (2013); Hu
et al. (2015) and Woodward et al. (1988). Den Haan et al. (2013) and Hu et al. (2015) reported
that CBH could hydrolyse cellulose; however, when EG was added (in small quantities), it
boosted the overall hydrolysis. Due to the discrepancies reported in literature and the
observations made in this study, it was concluded that as long as one enzyme renders the
substrate more accessible for the action of another enzyme, cellulose degradation may be
enhanced by their concerted action. For the purpose of this study, the combination 75% CBHI
and 25% EGII was selected for further investigation into enzyme synergy for Avicel

hydrolysis.

The synergistic interactions on SEB hydrolysis are shown in Figure 4.2. It was found that the
highest release of reducing sugars (0.75 mg/mL) was produced by the enzyme combination
75% CBHI: 25% EGI (Figure 4.2C). The quantity of reducing sugars was less than that
produced by Avicel hydrolysis, which was an indication that SEB had a more complex structure
than Avicel (as expected). Avicel is a defined micro-crystalline substrate, and it is assumed that
it would have more accessible sites than SEB. The results from binding assays (Figure 3.3) also
showed that the % of cellulase adsorption was lower for SEB than what it was for Avicel,
which (in turn) would have an effect on the efficiency of cellulose hydrolysis. The high lignin
content (40%) in SEB (in this study) may also have contributed to the lower hydrolysis rates,
as it may have restricted the accessibility of the cellulases to the substrate. Hu et al. (2015)
reported that the non-cellulosic components that remain in the substrate after pre-treatment
have shown to hamper the efficiency of enzyme hydrolysis. With respect to the DS, this enzyme
combination exhibited a DS of 1.07, which indicated that the enzymes did not act in a
synergistic manner and could independently hydrolyse the substrate (Figure 4.3C) (Kostylev
and Wilson et al., 2012; VVan Dyk and Pletschke, 2012). This may be related to substrate pre-
treatment which reduces the degree of polymerisation (DP) (Karp et al., 2013; Ramos, 2003).
The degree of polymerisation describes the length of a cellulose polymer, based on the number
of linked glucose molecules that make up a cellulose chain and when the DP decreases,
cellulose becomes more recalcitrant (crystalline) (Bayer et al., 1998; Festucci-Buselli et al.,
2007; Lynd et al., 2002). Zhang and Lynd (2006) proposed a functional model whereby a lower
DP results in a lower DS. A study by Véljamae et al. (1999) confirmed this model and found
that when bacterial cellulose was treated with acid, the DP decreased, resulting in lower endo-

exo synergism. Based on these findings, we suggest that steam explosion reduced the DP of
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sugar cane bagasse, thus leading to the formation of accessible sites for the action of CBHI
(crystalline cellulose). Consequently, the activity of EGI was no longer pivotal for CBHI
activity, however, it still contributed to the overall degradation (Zhang and Lynd, 2006). With
respect to the other combinations investigated, a DS of less than 1 was exhibited by all the
combinations investigated (Figure 4.2A, B, D and E), indicating that the enzymes did not
interact synergistically or that they competed for the same binding sites (Kostylev and Wilson,
2012; Van Dyk and Pletschke, 2012). The results also revealed that SEB hydrolysis was
marginally enhanced by the combined cellulase activities, whereas in some occurrences, the
core enzyme (100%) released the same or even more reducing sugars than the binary
combinations. This phenomenon was reported by Valjamée et al. (2001), who similarly found
that a combination of CBH and EG vyielded less activity, as opposed to when CBH was used
independently. It was therefore proposed that the synergistic co-operation between the enzymes
were inhibited by the substrate and could not hydrolyse the substrate efficiently, and by
lowering the substrate to enzyme ratio, inhibition could be reduced (Valjamée et al., 2001).
The presence of lignin may also have contributed to low hydrolysis rates. In Chapter 3, it was
reported that SEB contained as much as 40% insoluble lignin and ash (Table 3.1). This may
have led to non-productive binding of the cellulases to its surface, thus lowering substrate
hydrolysis (Guo et al., 2014; Mansfield et al., 1999). A further contributing factor may be a
result of enzyme deactivation (Bansal et al., 2009). This phenomenon takes place when an
enzyme becomes trapped on the substrate, ultimately preventing it from carrying out its
function (Bansal et al., 2009; Valjamae et al., 1998). Similar to Avicel hydrolysis, a higher
ratio of CBH to EG (75%: 25%) was required for efficient SEB hydrolysis, confirming the
importance of CBH as a key enzyme in cellulose degradation.

The synergistic interactions of cellulases on PS hydrolysis are shown in Figure 4.3. It was
evident that PS was more recalcitrant than Avicel and SEB, since only a few enzyme
combinations led to its hydrolysis. The combination 75% CBHI: 25% EGII produced the
highest quantity of reducing sugars of 0.49 mg/mL, which further indicated that PS was more
recalcitrant than Avicel and SEB, as it produced the lowest amount of reducing sugars
compared to Avicel (0.88 mg/mL) and SEB (0.75 mg/mL). The results from the binding assays
(Figure 3.3C) showed that the % adsorption was the lowest for PS, which suggested that the
structure of PS contained less available sites for binding, which in turn may have had an affect
on hydrolysis efficiency. The low enzyme activity may also be attributed to the high content

of lignin (41%) in PS (Table 3.1). The DS could not be determined, since the enzymes were
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unable to hydrolyse PS independently (Figure 4.3D). It was therefore proposed that a strong
synergistic association existed between the cellulases and that the hydrolysis of PS was only
attainable by the concerted action of these enzymes. Furthermore, we suggest that the high
composition of lignin (41%) (Table 3.1) may have restricted the activity of the cellulases, due

to the unproductive binding of enzymes to its surface (Guo et al., 2014; Mansfield et al., 1999).

Temporal studies

The effect of time was shown to play a significant role on the observed DS. This was carried
out using the optimal enzyme combinations obtained from the binary studies for each substrate.
Figure 4.4A showed that over time, the DS decreased with respect to Avicel hydrolysis. At the
initial stages of hydrolysis (24 hours), the DS was 1.52, whereas at 120 hours, a DS of less than
1 was observed. This was in agreement with the model proposed by Warden et al. (2011), who
determined the DS to be optimal during the initial stages of crystalline hydrolysis. The DS
between Cel6B and Cel9A on bacterial microcrystalline cellulose (BMCC) hydrolysis also
exhibited a high DS at the initial stages of hydrolysis (Jeoh et al., 2006). It was thus put forward
that enzymes are required to co-operate more efficiently during the initial stages of hydrolysis
to unravel the substrate. Both enzymes are required because the substrate is composed of both
amorphous and crystalline cellulose. At the initial stages of hydrolysis, the EGs hydrolyse the
amorphous cellulose at a rapid rate, providing sites for the CBHSs; thus a high DS is observed.
However, over time, the amorphous cellulose becomes fragmented into shorter fibers, resulting
in more crystalline regions (Arantes et al., 2014). These regions are are no longer specific for
the EGs, and require the activities of CBHs for its efficient hydrolysis. Ultimately, less co-
operation between the enzymes takes place over time, resulting to a lower DS (Andersen et al.,
2008; Arantes et al., 2014; Hu et al., 2014).

The rate of hydrolysis for SEB (Figure 4.4B) was determined to be slower than Avicel
hydrolysis (Figure 4.4A). This was likely due to their substrate compositions, which has a
profound effect on the co-operativity between enzymes (as mentioned earlier) (Andersen,
2008). In turn, this would have a direct impact on the DS established between enzymes (Hu et
al., 2015). It was found that the DS varied throughout the course of SEB hydrolysis; however,
it is important to consider that the DS established between enzymes on a model substrate and
a natural substrate will not be the same at the same time, due to their substrate complexeties.
At the beginning of hydrolysis, a DS of 1 was observed which increased to 1.25 at 48 hours.

At 72 and 96 hours however, a decrease in synergy was observed, with DS reaching 1.15 and
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1, respectively. A further increase in synergy was shown at 120 hours (DS: 1.28). This may
have been a result of the substrate opening up in layers. According to Arantes et al. (2014),
hydrolysis takes place in an “onion peeling” fashion, whereby the outer layer is “peeled” to
expose a new surface layer (similarly containing the same morphology of crystalline and
amorphous regions to that of the previous layer). We believe that pre-treatment decreased the
DP of the substrate, making it more crystalline to begin with, and therefore a low degree of co-
operativity was observed in the initial stages (requiring CBH). We further proposed that pre-
treatment does not reach all the cellulose fibres and that cellulose fibres consisiting of
amorphous and crystalline cellulose exist, even after pre-treatment. These layers (consisting of
amorphous and crystalline regions) are exposed from enzymes “peeling” the substrate. The
degree of co-operativity will be high in the initial stages of hydrolysis, due to the amorphous
regions; however once the amorphous cellulose have been hydrolysed, the fibril is left with
intact crystalline regions, which are more difficult to degrade (i.e. the DS will be lower). The
enzymes will start degrading the next fibril in the same manner, resulting in a DS that will

increase and decrease throughout hydrolysis.

The synergistic trend observed during the time course hydrolysis of PS (Figure 4.4C) showed
that the DS was higher during the middle stages of hydrolysis (4.52; 5.25 and 5.66 for 48, 72
and 96 hours, respectively), whereas a DS of 2.15 and 2.53 was observed at 24 and 120 hours,
respectively. Based on our findings, we propose that, at the initial stages of hydrolysis, the
structure is more ordered (crystalline), which is more specific for the action of one enzyme
(CBH in this study). Due to the limited accessibility to chain ends, a lower DS is observed.
However, while the substrate unravels, sites that are specific for the other enzyme (EGI in this
study) become more accessible during hydrolysis and thus the enzymes can facilitate the
activities of each other for efficient cellulose degradation. This ultimately results in a high DS
as hydrolysis progresses. Towards the end of hydrolysis, a lower degree of cooperation between
the enzymes is required since the substrate is less ordered and more exposed, thus a low DS is
observed. This proposed theory contradicts the hypothesis put forward for the synergistic
pattern observed during Avicel hydrolysis. However, this was attributable to the characteristics

of the substrates.
SEM analysis of hydrolysates

It has been reported that substrate structural modifications occur during the course of enzymatic

hydrolysis (Jeoh et al., 2013). SEM micrographs were observed to confirm the surface
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structural modifications that took place during the hydrolysis of Avicel, SEB and PS, after 120
hours. As seen in Figure 4.5, all the substrates had changed in their surface structural topology.
The un-hydrolysed samples appeared to have highly ordered structures (smooth fibres),
whereas the hydrolysed substrates had undergone modifications, as made evident by the less-
ordered/amorphous structures (rough fibres). This demonstrated that the substrate became

more fragmented by the concerted hydrolytic action of cellulases.
Tri-synergy studies with a xylanase

Numerous studies have reported that the addition of a xylanase to a cellulase cocktail leads to
enhanced cellulose degradation (Bura et al., 2003; Choudhary et al., 2014; Garcia-Aparicio et
al., 2007; Hu et al., 2011; Kumar and Wyman, 2009; Morais et al., 2010; Selig et al., 2008).
It is believed that xylanases make the cellulose more accessible to the cellulases by removing
xylan that may be covering the cellulose polymer (Kumar and Wyman, 2009; Hu et al., 2011;
Qing et al., 2010; Zhang et al., 2011). For this reason, we investigated the synergistic
interactions between a cellulase cocktail and a xylanase to determine whether cellulose

degradation could be enhanced.

Figure 4.6A showed that the cellulases and xylanase could not interact synergistically on
Avicel and that a cellulose: xylanase cocktail did not enhance degradation. Furthermore, the
higher ratio of xylanase to cellulases in a reaction mixture resulted in a decrease in the reducing
sugars released. This was expected, since Avicel is a model microcrystalline substrate,
containing no xylan, and therefore only requires the activities of cellulases for its complete
degradation (Vazana et al., 2013; Peciulyte et al., 2014).

Figure 4.6B shows that a synergistic interaction between the cellulases and a xylanase could
not be established and that the addition of a xylanase did not enhance cellulose degradation.
The binary combination [C(100): X(0)] which consisted of CBHI 75% and EG1 25% was still
the best combination for efficient SEB hydrolysis. However, the findings of Zhang and Viikari
(2014) reported that the addition of a xylanase led to enhanced hydrolysis of steam pretreated
corn stover. However, it was found that the severity of the pre-treatment had a direct effect on
the results obtained. At a higher severity (42% cellulose and 2% xylan), a lower DS (with
respect to glucose formation) was observed between the cellulase and xylanase, whereas at a
lower severity (44.8% cellulose and 4.8% xylanase), the DS (with respect to glucose formation)
between the cellulases and xylanase increased. It was reported that at a higher cellulose:

xylanase ratio, less xylan coated the cellulose microfibrils, which led to lower synergism. In
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this study, SEB contained 7.2% xylan (Table 3.1), which was higher than what was reported
by Zhang and Viikari (2014). Although they reported that a substrate with a higher xylan
content results in a higher DS, we propose that this would be dependent on the 3D structure
(whether or not xylan forms a coat over cellulose), rather than the xylan composition of a
substrate. If the xylan and cellulose are not intertwined, the cellulases would not require the

activity of xylanases.

Figure 4.6C demonstrates that a cocktail consisting of only cellulases released the highest
quantity of reducing sugars and that PS hydrolysis was not enhanced by the addition of a
xylanase. Suprisingly, a DS of 1.24 was observed when the cellulase to xylanase ratio was 25%
to 75%, although the hydrolysis was not improved. The observations made in this study were
also contradictory to what has been reported previously where it was found that a xylanase
boosted cellulose hydrolysis. It is therefore suggested that the small percentage of xylan (2.7%)

present in PS did not interfere with cellulose hydrolysis.

4.6 Conclusions

In this study, the synergistic interactions between enzymes on complex substrates were
extensively studied. The optimal binary combinations for the hydrolysis of Avicel, SEB and
PS were established and it was found that CBHI was the key enzyme required for cellulose
degradation. The ratio of CBH to EG (75:25) was optimal for all three substrates, indicating
that, irrespective of the substrate, a higher ratio of CBH to EG was required for cellulose
degradation. The patterns of synergism varied between substrates. This was proposed to be due
to their different substrate compositions. SEM micrographs showed that the hydrolytic
activities of the enzymes caused morphological changes on the substrate surface. This study
also demonstrated that the addition of a xylanase could not enhance cellulose degradation and

this may be related to the 3D structure of the substrate.

Although enzyme synergy is a topic that requires further research to elucidate the exact
mechanisms behind enzyme interactions, this chapter provides a few insights into the proposed
mechanisms behind enzyme synergy. However, more advanced methods such as real time
studies (AFM), staining methods (tagging of enzymes and substrates) and various sugar Kits

would provide a more in-depth understanding of these synergistic interactions.
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Chapter 5: General discussion and future recommendations

5.1 General discussion and conclusions

Enzymatic conversion of cellulosic biomass is considered a promising technology for
addressing the current environmental issues associated with crude oil usage (Mohanram et al.,
2013; Sweeney and Xu, 2012). However, the recalcitrant structure of biomass, low enzyme
activities on the substrate, and high enzyme production costs impose major economic
challenges for the production of cellulosic fuels (Limayem and Ricke, 2012; Zhao et al., 2012).
Unravelling the complex mechanisms behind enzyme synergy would aid in improving the
current facilities by optimising enzyme cocktails to achieve higher hydrolysis rates. Therefore,

this study investigated:

)} The conditions required for optimal cellulase activity of five fungal cellulases;

i) The characteristics of complex cellulosic substrates and the factors that influence
substrate-enzyme interactions;

iii)  The synergistic associations between cellulases;

iv) The synergistic associations between cellulases and a xylanase.

Fungal cellulases have been studied extensively due to their ability to degrade cellulose, a linear
polymer made up of B 1, 4-linked glucose monomers (Bayer et al., 1998; Gusakov et al., 2006).
Many fungal cellulases have been characterised, of which cellulases produced by T. reesei have
attracted the most attention in bioconversion studies (Peterson et al., 2008; Voutilainen et al.,
2010). For this study, five recombinant cellulases from different fungal species (expressed in
S. cerevisiae) were investigated for their potential to act synergistically to enhance cellulose
hydrolysis. The cellulases used were cellobiohydrolases Cel7A (CBH1, EC 3.2.1.176 from T.
emersonii with C-terminally-fused CBM from T. reesei) and Cel6A (CBHII, EC 3.2.1.91 from
C. lucknowense), endoglucanases Cel7B (EGI, EC 3.2.1.4 from A. terreus) and Cel5A (EGII,
EC 3.2.1.4 from T. reesei) and -glucosidase (Cel3A, EC 3.2.1.21 from S. fibuligera).

First and foremost, it was important to characterise the cellulases, to understand the factors that
influence their activities. Understanding the conditions required for optimal enzyme activity,
provided a platform for future experiments. The findings in this study were in agreement with
literature reports, regarding the enzymes’ biochemical properties (molecular weight), substrate
specificities, physico-chemical characteristics and kinetic characteristics. However, to the best

of our knowledge, this was the first study to characterise A. terreus EGI from GH family 7 and
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the first kinetic characterisation of CBHII from C. lucknowense from GH family 6 and S.
fibuligera BGL. With respect to their specific activities, the studied enzymes had preferences
for different substrates which are attributable to the 3D structures of their active sites (Vlasenko
et al., 2010). Cellobiohydrolases, endoglucanases and [3-glucosidases showed a preference for
crystalline cellulose (Avicel), amorphous cellulose (CMC) and pNPG, respectively (Table 2.2).
They had high affinities for their substrates, as evident by their low Kwu values, and the rate at
which the EGs and BGL hydrolysed their preferred substrates were high (i.e. high Vmax values),
while the Vmax for the CBHs were low. The enzymes displayed optimum activity at pH 4.5 -
5.5 and at 60°C (with the exception of BGL, which exhibited optimum activity at 40°C). The
cellulases also showed great stability over time (Figure 2.1). Stability is a great advantage to

enzymes, especially in industrial applications (Thomas and Scopes, 1998).

Understanding enzyme synergy has been an ongoing challenge for many years. Most studies
have used model substrates such as Avicel or filter paper to optimise enzyme cocktails.
However, substrate characteristics have a major influence on the way enzymes carry out their
functions (Leu and Zhu, 2012; Yang et al, 2011). It is acknowledged that using model
substrates may provide unreliable insights into how enzymes would perform when hydrolysing
natural lignocellulosic substrates. SEB and PS are two major by-products generated from
agricultural and municipal processes, respectively. These substrates were selected as suitable
candidates to investigate how different substrate characteristics may influence enzyme
synergy. Prior to enzyme synergy studies, the substrates were characterised to identify factors

that may affect substrate-enzyme interactions.

Chemical composition analyses showed that SEB and PS contained high polysaccharide as
well as high lignin content, which was in agreement with the studies performed by Martin et
al. (2008) for SEB and the studies performed by Kim et al. (2000) for PS. It is well known that
a high polysaccharide content provides the platform for subsequent conversion into
fermentable sugars; however, the presence of lignin is a major obstacle for achieving efficient
biomass conversion. During pre-treatment, biomass recalcitrance is reduced by removing or
relocating lignin that forms a sheath over cellulose (Chandra et al., 2007; Himmel et al., 2007).
During the process, many by-products may however be formed, which could potentially have
an inhibitory effect on enzyme activity (Garcia-Aparicio et al., 2006; Kont et al., 2013;
Ximenes et al., 2011). This was assessed by conducting activity assays using the supernatant
(wash) from SEB and PS. The activities of CBHI, CBHII and BGL were inhibited by the SEB
wash, but activated by the PS wash. The activities of EGI and EGII were activated by both
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washes. This indicated that compounds were present in the natural substrates which, in turn,
had an effect on enzyme activities. The exact compounds were not identified which could, in
future, be carried out using LC-MS. Martin et al., (2002) found that steam explosion of
sugarcane bagasse resulted in the formation of inhibitory by-products, including furfural,
formic acid, acetic acid, levulinic acid and phenolic compounds, whereas it is proposed that
sulphur compounds present in the PS may have had an activating effect on enzyme activity
(Beukes and Pletschke, 2011). To assess this, future work could be carried out by adding
different concentrations of sulphur-containing compounds to the reaction to assess whether

they activate enzyme activity.

A prerequisite for hydrolysis includes the adsorption of cellulases to the substrate surface
(Zhang and Lynd, 2004). It was found that the enzymes adsorbed to the substrates within 10
minutes, which was in agreement with Kumar and Wyman (2009), who reported that enzyme
binding takes place rapidly. The % adsorption of cellulases was higher for Avicel, followed by
SEB and then PS, which could be attributable to differences in the availability of binding sites
and the composition of each substrate. The presence of lignin is said to cause non-productive
binding of cellulases; however, whether adsorption could be attributed to unproductive binding

to lignin (for the natural substrates) is not clear.

The information obtained in Chapter 3 (substrate characterisation) was useful for unravelling
some of the phenomena observed for enzyme synergy in Chapter 4. Synergy studies showed
that, irrespective of the type of substrate, a higher CBH to EG ratio was required to achieve
higher hydrolysis yields, indicating that CBHs are the key enzymes required for cellulose
hydrolysis. This was in agreement with previous studies which had reported that the addition
of EG boosted CBH activity, resulting in an overall increase in cellulose hydrolysis (Den Haan
et al., 2013; Hu et al., 2015; Shahbazi et al., 2014). The binary cocktails which liberated the
highest quantity of reducing sugars were 75% CBHI: 25% EGII for Avicel and PS, and 75%
CBHI: 25% EGI for SEB. Synergistic interactions were established for Avicel and PS
hydrolysis, but not for SEB hydrolysis (DS = 1). However, the combined activities (75% CBHI:
25% EGI) were still more efficient at hydrolysis then when the enzymes were used at 100%
loading. The proposed model for cellulose hydrolysis was based on the endo-exo model by
Wood and Mcrae (1979), whereby new sites are constantly being created to facilitate the
activity of the other enzyme. However, this is an over-simplification of endo-exo synergism
and updated models, such as the surface erosion model, substrate polishing effect and traffic

jam effect which have been proposed (See Chapters 1 and 4).
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For a more in-depth understanding of enzyme synergy, temporal studies were conducted using
the optimal binary cocktails for each substrate. The results (with respect to the DS) varied
between the substrates. For Avicel hydrolysis, the DS was higher at the beginning of
hydrolysis, suggesting that enzymes were required to co-operate during the initial stages of
hydrolysis to open up the substrate, which agreed with the findings of Andersen et al. (2008).
The DS varied throughout hydrolysis of SEB and it was hypothesised that the substrate was
opened up in layers, which is in agreement with the study performed by Arantes et al. (2014).
In contrast, PS had a higher DS towards the mid-to-later stages of hydrolysis which was
suggested to be as a result of a limited number of binding sites available at the beginning of
hydrolysis; however, the number of binding sites increased over time. The patterns of
synergism observed varied between the substrates, and it was hypothesised that the
characteristics of a substrate had a direct impact on the interactions established between the

enzymes.

Numerous studies have reported that the addition of a xylanase can boost cellulose hydrolysis
due to cellulose and xylanase being intertwined with each other (Hu et al., 2014; Li et al., 2014;
Zhang and Viikari, 2014). Therefore, cellulose accessibility can be increased by the removal
of xylan by a xylanase. Our study showed that the addition of a bacterial xylanase did not
increase cellulose hydrolysis. Zhang and Viikari et al. (2013) reported that lower synergy is
observed when the ratio of cellulose to xylan is high, since there is less xylan to coat the
cellulose microfibrils. Both the natural substrates in this study contained xylan, however we
suggest that xylan did not coat the cellulose fibrils, and a xylanase was therefore not required

to increase cellulose hydrolysis.

In conclusion, this study confirmed that cellulose hydrolysis can be enhanced by the activities
of endo and exo acting enzymes. However, the characteristics of a particular substrate has a
direct impact on their hydrolysis rates and the synergistic interactions that are established
between them. Although this study provided useful insights into enzyme synergy and the
proposed mechanisms behind their interactions, elucidating their exact mechanisms still

requires extensive in-depth investigation.

5.2 Future perspectives
This study showed that the characteristics of a substrate plays a major role in hydrolysis, which,

in turn, has an effect on the degree of synergy. Future work would entail using un-treated and
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pre-treated substrates, as this would allow for a better understanding of how the structural
changes from pre-treatment innfluences hydrolysis and enzyme synergy. Substrates would
need to be assessed better to elucidate their 3D structures. Methods such as determining the
crystallinity index, DP, and staining of the different polymers by Simons’ staining would be
beneficial for obtaining a better understanding of the substrate characteristics that influence

enzyme-substrate interactions.

Binding assays require more insight as to where the enzyme is binding. This could be
conducted by ELISA-based methods, by tagging enzyme and staining polymers. A better
understanding of enzyme binding is crucial for obtaining an understanding of their binding
capacity. This could potentially lead to enzyme engineering, whereby CBMs can be truncated
if the enzyme binds to non-cellulosic components (lignin), or by engineering a CBM to the

enzyme (if it doesn’t contain one) for better substrate binding.

The compounds present in the substrate washes could be analysed by LC-MS. Once the
compounds have been identified, model binding of the enzyme-to-compound could be carried
out to assess the effects of each individual compound on enzyme activity. The structural
changes of the enzyme could be visualised by CD spectroscopy. Knowing which compounds
cause inhibition or activation would be beneficial when selecting enzymes that are tolerant to

these compounds.

Real time studies such as AFM and SPR would also assist to better elucidate the synergistic

interactions that exist between these enzymes.
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Appendix 1: Reagent list

Table 1A. The name of the reagents/chemicals and the suppliers used

Name of Reagent

Supplier (Catalogue number)

Ammonium persulphate

Sigma Aldrich (Cat no A3678)

Acrylamide

Sigma (Cat. No. A8887)

Ammonium persulphate

Sigma Aldrich (Cat. No. A3678)

Avicel PH101

Fluka (11365)

Birchwood xylan

Fluka (Cat. No. 95588)

Bovine serum albumin (BSA)

Sigma (Cat. No. A7906)

Bradford reagent

Sigma (Cat. No. B6916)

Bromophenol blue

Sigma (Cat. No. B8026)

Carboxymethyl cellulose

Calbiochem (Cat. No. 217277)

Calcium carbonate

Merck (Cat. No. 1020660250)

Coomassie Brilliant Blue R250

Merck (Cat. No. 1.12553)

Citric acid

Merck (Cat. No. 1.00244)

3,5-Dinitrosalicylic acid

Sigma (Cat No. D0550)

Ethanol

Merck (Cat. No. 8.18700)

Glacial acetic acid

Merck (Cat. No. 1.00063)

Glycerol Saarchem (Cat. No. 2676520
Glycine Merck (Cat. No. 1.04169)
D-Glucose Saarchem (Cat. No. 2676020)
D-Mannose Sigma (Cat. No. M2069)

D-Mannose, D-Fructose & D-Glucose kit

Megazyme (Cat. No. K-MANGL)

2-mercaptoethanol

Fluka (Cat. No. 63700)

Methanol

Merck (Cat. No. 8.22283)

N,N-methylenebisacrylamide

Sigma (Cat. No.M7279)

4-Nitrophenyl-p-D-glucopyranoside

Sigma (N1377)

p-Nitrophenol

Sigma (Cat. No. 42,575-3)

PegGold protein marker 11

peqgLab (Cat. No. 27-2010)

Phenol

Sigma (Cat.No. P3653)

Phloroglucinol

Sigma (Cat. No. P3502)

Di-potassium hydrogen phosphate

Merck (1.05104.1000)
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Di-sodium hydrogen orthophosphate

Saarchem (Cat. No. 5822860)

Potassium sodium tartarate

Merck (1.08087.1000)

Sodium azide

Merck (Cat. No. 8.22335)

Sodium carbonate

Merck (Cat. No. 1.06392.0500)

Sodium dodecyl sulphate (SDS)

BDH biochemicals (Cat. No. 301754)

Sodium hydroxide

Saarchem (Cat. No. 5823200)

Sodium metabisulfite

Sigma-Aldrich (Cat. No. 255556)

Sodium potassium tartrate

Merck (Cat. No. 1.08087)

Sodium sulphate

Saarchem (Cat. No. 5825200)

Sodium sulphite

Saarchem (Cat. No. 5825400)

Sulfuric acid

Merck (Cat. N0.1120802500)

N,N,N’,N’-tetramethylethylene diamine

Sigma Aldrich (Cat. No. T9281)

Tris (hydroxymethyl) aminomethane

Merck (Cat. No. 1.08382)

Tri-sodium citrate dehydrate

Merck (Cat. No. 1.06448)

D-Xylose

Sigma (Cat. No. K-XYLOSE)
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Appendix 2: Standard curves

Appendix 2A: Protein standard curve
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Figure 2A. Protein standard curve. 25 pL of protein sample was added to 230 pL Bradford
reagent and incubated for 10 minutes at room temperature. Values are shown as the means
(n=3; SD < 5%).

2B: Glucose standard curve

The composition of the DNS reagent were as follows:

2 g sodium hydroxide

2 g 3, 5 dinitrosalicylic acid (DNS)

40 g potassium sodium tartrate (Rochelle salt)

0.4 g phenol

0.1 g sodium metabisulfite

200 mL distilled water

A 2 % sodium hydroxide solution was made before the DNS was added. Once the DNS had
dissolved, the other chemicals were added and the volume was made up to 200 mL.
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Figure 2B. Glucose standard curve. 150 pL of protein sample was added to 300 pL DNS
reagent and incubated for 7 minutes at 100°C. Values are shown as the means (n=3, SD < 5%).

2C. p-nitrophenyl standard curve
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Figure 2C. p-nitrophenyl standard curve. Values are shown as the means (n=3, SD < 5%)).
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Appendix 3: SDS-PAGE

The sizes of the celluloytic enzymes were assessed using sodium dodecyl sulphate
polyacrylamide gel electrophoresis (Laemmli, 1970) and modified according to the BioRad®

Mini-Protean 3 Cell instruction manual. The solutions were prepared as follows:

1. 30% Acrylamide solution

29.8 g Acyrylamide
0.2 g Bis-Acrylamide

These chemicals were dissolved in 100 mL distilled water, wrapped in aluminium foil and
stored at 4°C

2. 10 % (w/v) SDS stock solution
10 g SDS was dissolved in 10 mL distilled water
3. Stacking buffer (0.5 M Tris- HCI; pH 6.8)

6 g Tris (Hydroxymethyl) Aminomethane was dissolved in distilled water and HCI was added
to adjust the pH to 6.8 before bringing the volume up to 100 ml. The buffer was stored at 4°C.

4. Resolving gel (1.5 M Tris- HCI; pH 8.8)

18.15¢g Tris (Hydroxymethyl) Aminomethane was dissolved in distilled water and HCI was
added to adjust the pH to 6.8 before bringing the volume up to 100 ml. The buffer was stored
at 4 °C.

5. 10 x SDS running buffer

30.3 g Tris (Hydroxymethyl) Aminomethane

144 g glycine

10 g SDS

These chemicals were dissolved in 1 L distilled water and kept at room temperature.
6. 5 x SDS sample buffer

2.5 mL distilled water

1 mL 0.5 M Tris-HCI buffer (pH 6.8)

1 mL 10% SDS stock solution (w/v)

1 mL 1% bromophenol blue (w.v)
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The sample buffer was kept at room temperature. p-mercaptoethanol (5 pl) was added to SDS
sample buffer (95 pl), prior to preparing samples for electrophoresis. 3 pl of SDS sample buffer
was added to 15 pl of protein samples and boiled for electrophoresis

7. Coomassie Brilliant Blue protein staining solution

0.075% (w/v) Coomassie Brilliant Blue R250 was dissolved in 40% methanol and 0.7% glacial

acetic acid.

8. Coomassie destaining solution

45% methanol, 45% distilled water and 10% glacial acetic acid were mixed together.
9. 10% Ammonium persulphate (APS) solution

0.1 g APS was dissolved in 1 ml distilled water. Samples were prepared prior to preparing the

gel
10. Preparation of gels

a) 10% resolving gel

4.04 mL distilled water

2.5 mL 1.5 M Tris-HCI buffer (ph 8.8)
3.3 mL 30% acrylamide stock solution
0.1 mL SDS stock solution

0.1 mL 10% APS solution

0.05 mL TEMED

b) 4% stacking gel

6.1 mL distilled water

2.5 mL Tris-HCI buffer (pH 6.8)

1.3 mL 30% acrylamide stock solution
0.1 mL 10% SDS stock solution

0.1 mL 10% APS solution

0.05 mL TEMED
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Appendix 4: Synerqy enzyme combinations

A) Binary Synergy combinations:

The reaction mixtures for the synergy assays in Chapter 4 were made up to a final volume of 400
uL using 0.5 M sodium citrate buffer (pH 5.0). The total protein concentration was kept constant
in all reactins (25 pug). The assays were conducted at 50°C for 24 hours (Avicel) and 72 hours (SEB
and PS).

Table 4A. The enzyme combinations and enzyme loading for binary-synergy studies (intra-
molecular)

Combination CBHI (ul) CBHII (ul) EGI (ul) EGII (ul)
C1(100) 100 0 0 0
C2(100) 100 0 0 0
E1(100) 100 0 0 0
E2(100) 100 0 0 0
C1(25):C2(75) 25 75 0 0
C1(50):C2(50) 50 50 0 0
C1(75):C2(25) 75 25 0 0
E1(25):E2(75) 0 0 25 75
E1(50):E2(50) 0 0 50 50
E1(75):E2(25) 0 0 75 25
C1(25):E1(75) 25 0 75 0
C1(50):E1(50) 50 0 50 0
C1(75):E1(25) 75 0 25 0
C1(25):E2(75) 25 0 0 75
C1(50):E2(50) 50 0 0 50
C1(75):E2(25) 75 0 0 25
C2(25):E1(75) 0 25 75 0
C2(50):E1(50) 0 50 50 0
C2(75):E1(25) 0 75 25 0
C2(25):E2(75) 0 25 0 75
C2(50):E2(50) 0 50 0 50
C2(75):E2(25) 0 75 0 25
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B) Temporal studies

The reaction mixtures for the temporal synergy assays in Chapter 4 were made up to a final volume
of 1200 uL using 0.5 M sodium citrate buffer (pH 5.0). The total protein concentration was kept

constant in all reactins (25 pg). The assays were conducted at 50°C for 120 hours

Table 4B. The enzyme combinations and enzyme loading for temporal-synergy studies

Substrate Combination CBHI (ul) EGI (ul) EGII (ul)

Avicel and PS C1(100) 300 0 0
E2(100) 0 0 300
C1(75):E2(25) | 225 0 75

SEB C1(100) 300 0 0
E1(100) 0 300 0
C1(75):E2(25) | 225 75 0

C) Ternary Synergy studies

The reaction mixtures for the temporal synergy assays in Chapter 4 were made up to a final volume
of 400 pL using 0.5 M sodium citrate buffer (pH 5.0). The total protein concentration was kept
constant in all reactins (25 pug). The assays were conducted at 50°C for 24 hours (Avicel) and 72
hours (SEB and PS)

Table 4C. The enzyme combinations and enzyme loading for ternary-synergy studies (inter-
molecular)

Substrate Combination CBHI (ul) EGI (ul) EGII (ul) X

Avicel and PS | C(100):X(0) 75 0 25 0
C(75):X(25) | 56.25 0 18.75 25
C(50):X(50) | 37.5 0 12.5 50
C(25):X(75) | 18.75 0 6.25 75
C(0):X(100) 0 0 0 100

SEB C(100):X(0) 75 25 0 0
C(75):X(25) | 56.25 18.75 0 25
C(50):X(50) | 37.5 12.5 0 50
C(25):X(75) 18.75 6.25 0 75
C(0):X(100) |0 0 0 100
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