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Abstract

Abstract

During the last decade, the shifting from petroleum based fuel to a greener bio
based one was expedited by the increasing concern of global warming. The
growing demand oriented firstly to the use of food crops as raw material for
producing so called first-generation biofuel. And then converted to the second-
generation biofuel, using non-food biomass resources for instance,
lignocellulosic raw materials. Although these generations of biofuel offered CO2
emission benefits and improved domestic energy security, they also caused
several environmental impacts. Such as high requirement for pesticide and
fertilizer and conversion of agricultural land for food to energy crops (Naik et al.
2010; Chaturvedi and Verma 2013). Consequently, a new raw material, algae,
which store high amounts of energy in form of carbohydrates contributed to
eliminate these drawbacks. The algal biomass based fuel production was

known as the third-generation biofuel (Lee and Lavoie 2013).

In general, algal storage polysaccharides are composed of glucose subunits.
Paramylon from Euglena gracilis, a linear B-1,3-glucan with very high level of
polymerization contributes up to 85% of cell dry weight (Sonck et al. 2010). This
glucan is supposed to be a superb potential raw material for sustainable
production of bioethanol. The production of bioethanol from algal
polysaccharides requires efficient hydrolysis in order to generate fermentable
monosaccharides. The hydrolysis is generally carried out by chemical or
enzymatic methods. The chemical hydrolysis efficiently yields high
concentrations of fermentable sugars, however requires environment harmful
chemicals and generates byproducts inhibiting fermentation process. While the
enzymatic hydrolysis processes under mild conditions without accumulating

inhibitory byproducts (Chen et al. 2013).
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Hence, searching for enzymes which could convert paramylon to glucose
became the fundamental purpose of this work. As the first part, E.gracilis
intracellular proteins were extracted for investigating the hydrolyzing ability on
paramylon. The cell free extract prepared from late stationary phase rapidly
hydrolyzes alkali treated paramylon. After partial purification, one protein
potentially belonging to glycoside hydrolase family 22 was found, and followed
with trail of obtaining the gene sequence from E.gracilis cDNA pool by

degenerate PCR.

In the second part of this work, recombinant enzymes of four endo--1,3-
glucanases (TrGH16, TrGH55, TrGH64, TrGH81), one exo-B-1,3-glucanase
(TrGH17) from Trichoderma reesei and one exo-B-1,3-glucanase (PpGH5)
from Pichia pastoris were successfully expressed in P.pastoris GS115.
Moreover, their activities towards alkali treated paramylon were confirmed by

measuring hydrolysis products of reducing groups and glucose, respectively.

In these two parts, alkali was involved for pretreating paramylon, which was
not fully compatible with the purpose of direct hydrolysis of paramylon granule
by enzymes without chemical pretreatment. However, no enzymatic method to
deconstruct the highly crystallized paramylon granule has been reported by
now. The newly discovered lytic polysaccharide monooxygenases (LPMOs),
which could break glycosidic linkages of recalcitrant polysaccharides by
oxidation and introduce new chain ends for hydrolytic enzymes (Forsberg et al.
2016), might become the key role to overcome the barrier. In the last part of
this work, two LPMOs, TrAA9 from T.reesei and AoAAll from Aspergillus
oryzae were expressed in P.pastoris. The synergistic action assay between
LPMO and glucanase revealed the possibility that TrAA9 from T.reesei
enhanced oligosaccharide accumulation in enzymatic hydrolysate. The result
may open up a new way for depolymerization of recalcitrant paramylon granule

in further research.
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Introduction

1. Introduction

1.1 Euglena gracilis

Euglena was named by Christian G. Ehrenberg in 1830 (Ehrenberg 1830). The
word “Euglena” was formed by “eu” and “glene” which mean “good” and
“‘eyeball” in greek, respectively. The “eyeball” was from the clearly visible stigma
with optical microscope (Leedale 1967). In 1900, axenically cultivating of
E.gracilis was performed by Zumstein for the first time (Zumstein 1900). And
most of present studies still use Zumstein’s original strain “Z” (Evangelista et al.

2003).

A schematic drawing of Euglena is showed in Fig.1. It lacks a cell wall.
Instead, it has a pellicle made up of a protein layer supported by a substructure
of microtubules, arranging in strips spiraling around the cell. The action of these
pellicle strips sliding over one another gives Euglena its exceptional flexibility
and contractility. The highly flexible cell surface allowes them to change shape
from thin cells to spheres with lengths between 20 to 100 um (Schaechter 2012).
The motorial system of E.gracilis consistes of two flagella, one emerges from
the reservoir and the other one is termed non-emergent flagellum. The stigma,
which consists of pigment granules, locates beside the reservoir as part of the
visual system. Next to the stigma is the contractile vacuole for regulatory
functions concerning the cell fluid. Inside the cell fluid, near the center of the
cell, the nucleus can be found. The chloroplasts of E. gracilis account for a great
percentage of cell organelles and for functions concerning the main energy
providing facility. The cornered shape of chloroplast is a characteristic to E.
gracilis. Due to the presence of chloroplasts, sometimes E. gracilis is placed

with green algae and can be feed by photosynthesis or heterotrophy. Other
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entities such as paramylon granules can be found spread throughout the cell

(Marin et al. 2003).
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Figurel. A schematic drawing of Euglena (Eugene, 2015).

1.2 Paramylon

E. gracilis has been extensively researched for production of vitamins A, C, E
(Takeyama et al. 1997), highly nutritious proteins (Schwarz et al. 1995), also as
a good source of polyunsaturated fatty acids (Barsanti et al. 2000) and 3-glucan
(Russo et al. 2016). When grown in the presence of adequate carbon sources
under heterotrophic growth conditions, E. gracilis can accumulate large amount
of insoluble B-1,3-glucan, paramylon, which was firstly discovered by Gottlieb
in 1850 (Gottlieb 1850; Bamer et al. 2001). And in 1960s the -1,3-glucosidic
linkages were identified as the structure basis (Clarke and Stone 1960). The
structural investigations by X-ray diffraction and NMR spectrum revealed that it
is a linear (unbranched, as showing in Fig.2) B-1,3-glucan type polysaccharide
with a very high level of crystallinity about 90% in the native state (Kreger and

Meeuse 1952; Kiss et al. 1988).
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Fig.2 Schematic representation primary structure of paramylon (3-1,3-glucan)

(Ramesh and Tharanathan 2003).

Fig.3 Schematic representation of Fig.4 Electron micrograph of a
microfibrils of a paramylon granule freeze-etched paramylon granule
(Marchessault and Deslandes 1979). (Holt and Stern 1970).

Paramylon has high molecular mass estimated to be over 500 kDa and a
high degree of polymerization about 3000 in form of membrane-bound granule,
contributing up to 85% of cell dry weight (Barsanti et al. 2001; Sonck et al. 2010).
Microfibrils which are composed of triple helices of -1,3-glucan chains (as
showed in Fig.3) traverse the inner granule and forms the unique high
crystallinity (Kiss et al. 1987). The electron micrograph (Fig.4) revealed the
concentric layers of the inner structure. In Fig.4, the segmentation of the inner

material and outer layer are indicated by the arrows (Holt and Stern 1970).

Paramylon, as well as lentinan and pachyman, belong to a group of naturally
occurring bioactive polysaccharides, and possesses antitumor and cytokine-

related immunopotentiating activity (Kondo et al. 1992). Sulfated derivatives of

7
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paramylon significantly inhibit the cytopathic effect of human immunodeficiency
virus (HIV-1, HIV-2) and the expression of HIV antigen in human peripheral
blood mononuclear cells (Koizumi et al. 1993). When incorporated in human or
animal diets, paramylon supports cholesterol lowering and moderates the

postprandial blood glucose and insulin response (Wang et al. 1997).

1.3 The third-generation bioethanol

For mitigating climate change, the demand of decreasing fossil energy
resources and explorations for fossil energy is boosting in worldwide. The
strategy of substitute fossil by biomass is the key strategy to achieve this goal,
and predominate the next generation biofuels (Aditiya et al. 2016). By now, the
production of fuels from biomass is categorized as three generations: the first-
generation, which uses good crops as raw material, the second-generation
converting also lignocellulosic material into biofuel; and the third-generation,
which utilizes algae biomass (Abdallah et al. 2016). In algae, carbohydrates are
stored in form of storage sugars and structural material. Beyond varying in the
glycosidic bond between monomers, algae energy storage polysaccharides are
composed of glucose subunits (Kim 2015). The process of bioethanol
production from algae polysaccharides consists of three major steps: biomass
pretreatment, enzymatic hydrolysis of algae polysaccharides, and fermentation
of sugar monomers to ethanol. The pretreatment step disrupts algal cell and
releases intracellular sugars. Subsequently, the pretreated biomass is
degraded by lytic enzymes into simple sugars for fermentation. In the last step,
simple sugars are used for the microorganism’s growth, while ethanol is
produced as a byproduct of the fermentation process (Harun et al. 2014).
Studies proved the suitability of algae as feedstock for bioethanol years ago.
Microalgae, such as Chlorococcum infusionum, Chlamydomonas reinhardtii,
and Chlorella vulgaris, were exploited for the third-generation bioethanol

production (Daroch et al. 2013). Mircoalgae were estimated being able to

8
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produce 5000-15,000 gal of ethanol per acre annually, which was more reliable
than the first- and second-generation bioethanol feedstock (Nguyen and Vu
2012). Meanwhile, macroalgae (seaweeds) with a world average yield of 73
kg/m? per year, were also reported to be one of the best candidates employed
as the bioethanol feedstock in 2014 (Noraini et al. 2014). Paramylon, as the
storage polysaccharide of Euglena, was reported contributing up to 85% of cell
dry weight (Sonck et al. 2010), making it an outstanding candidate of renewable
resource for the third-generation bioethanol production. However, the
Paramylon granule was extremely resistant to physical and chemical attacks.
In vitro, hydrolysis of native granules hasn’t been performed successfully. The
structure of paramylon granule could be destroyed by treatment with alkaline,
but without being hydrolyzed. It was believed that the treatment conducts not
only a removal of the membrane, but also a restructuring as exposing
enzymatic action sites (Monfils et al. 2011). Until now, limited scientific study
investigated this type of recalcitrant raw material (Abdallah et al. 2016). And no

bioethanol produced from paramylon has been reported to our knowledge.

1.4 Enzymes involved in paramylon degradation

In nature, carbohydrates are degraded through enzymatic cleavage of the
glycosidic bonds between monomers. The diversity of polysaccharides and
their complex structures results in the existence of huge diversity of enzymes
for degradation of these biomolecules. These enzymes are mainly glycoside
hydrolases, but can also involve oxidase, such as lytic polysaccharide

monooxygenases (LPMOs) (Martinez 2016).

1.4.1 $-1,3-Glucanases

Enzymatic degradation of B-glucans involves a variety of enzymes that
hydrolyze glycosidic bonds naming B-glucanases. The enzymatic hydrolysis

take place via general acid catalysis requiring a proton donor and a
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nucleophile/base. Two mechanisms are involved in the hydrolysis resulting in
either a retention or an inversion of the anomeric configuration (See Fig.5)
(McCarter and Withers 1994). In retaining mechanism, the glycosidic oxygen is
protonated by the acid catalyst (AH) and the base B- conducts nucleophilic
assistance to aglycon departure. Then the glycosyl enzyme interacts with a
water molecule, generating a product with the same stereochemistry as the
substrate at the anomeric carbon. In the inverting mechanism, protonation of
the glycosidic oxygen and aglycon departure are accompanied by a
concomitant attack of a water molecule which is activated by the base residue
B". This reaction results in a product having opposite stereochemistry to the

substrate.

@)
% L (b)

| i
n 7 )
Rk, = R ¢ ? |

Fig.5 Schematic representation of two enzymatic glycosidic bond hydrolysis
mechanisms. (a) The retaining mechanism; (b) The inverting mechanism

(McCarter and Withers 1994).

In both mechanisms, positions of the proton donor are identical. But positions
of the nucleophile relative to the sugar anomeric carbon are different. In
inverting enzymes accommodating a water molecule between the base and the

sugar are more distant than in retaining enzymes (Davies and Henrissat 1995).

10
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B-glucanases are systematically classified by the International Union of
Biochemistry and Molecular Biology (IUBMB) depending on the selectivity of
glucosidic bond and the hydrolytic reaction patterns against specified
substrates. The IUBMB sorts these enzymes by Enzyme Commission (EC)
number 3.2.1.x. Degradation of 3-1,3-glucan, such as paramylon, involves the
actions of two groups of glucanases: exo-p-1,3-glucanase (E.C.3.2.1.58) and
endo-B-1,3-glucanase (E.C.3.2.1.39). The exo-B-1,3-glucanases are expected
to produce glucose by sequential hydrolysis of B-1,3-glucan from the non-
reducing end (Yamamoto and Nevins 1983). Endo-3-1,3-glucanases cleave at
random sites along the B-1,3-glucan chain, generating oligosaccharides (Pitson
et al. 1993). Quite different to IUBMB, the Carbonhydrate Active Enzyme (CAZy)
database provides a sequence based family classification of the enzymes
which could assemble, modify, or breakdown oligo- and polysaccharides
(Lombard et al. 2014). These carbonhydrate active enzymes are classified into
different glycoside hydrolase (GH) families by amino acid sequence similarity,
members of each family share a common ancestor, conserved catalytic
residues and a similar tertiary structure. Each clan in IUBMB contains enzymes
from several GH families. For instance, the exo-B-1,3-glucanase (E.C.3.2.1.58)
is classified in families 3, 5, 17, and 55, while the endo-B-1,3-glucanase
(E.C.3.2.1.39) exists in families 16, 17, 55, 64, 81, and 128 (Sakamoto et al.
2011).

A GH family 5 exo-B-1,3-glucanase from the human pathogen Candida
albicans naming Exg is implicated in cell wall -glucan remodelling through its
glucosyl hydrolase and/or transglucosylase activities. The tertiary structure of
Exg displays an expected irregular (B/a)s-barrel structure and the distinctive
“pocket” comprises eight conserved residues including Arg92, His135, Asn191,
Glul92, His253, Tyr255, Glu292, Trp363. Structure of the “pocket”
characterizes the active sited of GH family 5 glycoside hydrolases. A glucose

from the non-reducing end of 3-1,3-glucan chain is hydrolyzed through retaining
11
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mechanism (Fig.5-a). The Glu292 acts as the nucleophile, and the Glu192 as
the proton donor to conduct the so called double displacement by forming a
covalent glycosyl-enzyme intermediate (See Fig.6). (Cutfield et al. 1999;

Patrick et al. 2010).

OH HO o OH o) o OH .0

Fig.6 Schematic representation of double displacement reaction.

Formation of the covalent glycosyl-enzyme intermediate is presumed to
proceed through an oxo-carbenium ion-like transition state and involve
nucleophile Glu292 and proton donor Glu192, which act on the glycosidic
bond at the nonreducing end of a 3-1,3-glucan chain (Cutfield et al. 1999).

In 2015, a high-resolution crystal structure of an exo-B-1,3-glucanase
belonging to GH family 55, namely SacteLam55A, from Streptomyces sp. was
presented (Bianchetti et al. 2015). The enzyme contains two right handed [3-
helical domains in a single polypeptide chain. These two domains are
separated by a long linker region but positioned side by side with a substrate
binding cleft on the interface. The enzyme acts in exo-mode with inversion of
anomeric configuration and produces glucose from nonreducing end of (3-1,3-
glucan. The acidic and basic residues activate water as nucleophile to cleave
glycosidic bond (As showed in Fig.5-b) (Vuong and Wilson 2010). In the
predicted catalytic region, three residues Asp449, Glu480 and Glu502 are
strictly conserved among the GH family 55 members. The GIlu502 interacting

with the anomeric oxygen as the catalytic acid. The residue Glu480 also has

12
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important role in catalysis acting as a general base in the catalytic mechanism
by interaction with GIn174, Serl98, and the active site water to be the
nucleophile. The conserved residue Asp499 has a primary role in positioning

the substrate (Bianchetti et al. 2015).

Although the GH familiy 3 and 17 contain a number of exo-B-1,3-glucanases
from different prokaryotes and eukaryotes, no crystallographic data is available

for any of these enzymes.

Endo-B-1,3-glucanases are classified into six glycoside hydrolase families.
To date, crystallographic studies have been reported for three of these families
except GH family 55 and 128. Endo-3-1,3-glucanases in GH family 16 share a
B-jelly roll fold and conduct the hydrolysis reaction in a retaining mechanism. At
the catalytic region, two glutamate residues are highly conserved acting as
nucleophile and proton donor to complete the double displacement action (See
Fig.6) (Fibriansah et al. 2007). The crytal structure of a laminarinase (Lam,
endo-B-1,3-glucanases) from Thermotaga maritima MSB8 was reported in
2011 (Jeng et al. 2011). The enyzme has the classical sandwich-like 3-jelly roll
fold forming by two antiparallel B-sheets against each other, and forms a
concavity for locating the substrates. In the catalytic groove, Glul32 is the
base/nucleophile to attack the C1 atom of the sugar ring to promote the
cleavage of B-1,3-linkage in the substrate chain. Glul37 acts as the acid to
receive the electron and transfer it to adjacent water molecule for attacking the
same C1 atom in the B-position, releasing interaction between Glul32 base

and the product to complete the retaining catalysis.

Endo-B-1,3-glucanases in GH family 17 possess the (B/a)s barrel fold and
two catalytic glutamate residues as proton donor and nucleophile respectively.
The hydrolysis of the glycosidic bond in -1,3-glucan chain is catalyzed by
retention of the stereochemistry of anomeric carbon at cleavage point through

a double displacement mechanism with covalent glycosyl-enzyme intermediate

13
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(Jenkins et al. 1995). For instance, in the endo-p-1,3-glucanases from Solanum
tuberosum, Glul18 (proton donor) and Glu259 (nucleophile) are strictly
conserved as catalytic residues (Wojtkowiak et al. 2012). Moreover, residues
Tyr58, Tyr201, Phe204, Phe305 and Phe322 inside of the catalytic cleft are
also strictly conserved among members of GH family 17, which may involve in

stacking interactions with the substrate for positioning (Varghese et al. 1994).

Some endo-B-1,3-glucanases are members of GH family 64 cleaving a long
chain polysaccharide B-1,3-glucan into specific pentasaccharide oligomer
(Nishimura et al. 2001). In 2009, the structure, catalysis mechanism and
essential residues of LPHase from Streptomyces matensis DIC-108 was
reported (Wu et al. 2009). The structure of this enzyme consists of a barrel
domain and a mixed (a/B) domain, forming a wide-open groove. Within the wide
groove, several conserved residues including Glul154 and Aspl170 act as acid
and base catalysts, respectively, and residues Thr156, Asnl158, Trpl163 and
Thrl67 act as substrate binding residues. It cleaves the substrate chain from
the reducing end through direct displacement mechanism yielding a pentaose

product with the inverted anomeric configuration.
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Fig.7 Schematic representation of the proposed catalysis of LPHase.

When a long chain polysaccharide 3-1,3-glucan diffuses into the wide groove.

The substrate binding residues Thrl56, Asn158 and Trpl63 positioned the
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reducing end at the +5 subsite, and then bound by Glul54 and Thrl67.
Hydrolysis of a B-glucosidic bond by Glul54 acting as a proton donor to the
glycosidic oxygen and the Aspl170 as a base-assisted nucleophilic from the

opposite side of the sugar ring (Wu et al. 2009).

Members of GH family 81 are mainly B-1,3-glucanases from fungi, plant and
bacteria. The first crystal structure of this family member was reported in 2013,
which is RmLam81A from Rhizomucor miehei (Zhou et al. 2013). The enzyme
has three distinct domains: domain A, B and C. The domain A is comprised of
two eight-stranded antiparallel B-sheets, while domain C has a core of (a/a)s-
barrel. These two domains compact with each other forming a long catalysis
cleft. Domain B exists on the reverse side of the structure to stabilize the whole
molecule. Two residues Glu553 and Glu557 are deduced to be a proton donor
and a basic catalyst. This agrees with the inversion mechanism of the hydrolytic

catalysis.

Enzymatic hydrolyzing paramylon by endo- and exo-1,3-B-glucanase was
concerned decades ago. In 1969, Barras and Stone reported that pyramylon
was enzymatically degraded by the action of endo- and exo-1,3-B-glucanases
in E.gracilis cell-extract (Barras and Stone 1969). Vogel and Barber succeeded
in characterizing enzymes degrading the treated paramylon in 1986. They
found an enzyme act on the substrate yielding glucose as the sole product, and
concluded the enzyme an exo-glucanase. This enzyme had optimum
conditions of pH 5.0 in 0.5 mol/L acetate buffer and temperature of 60 °C. The
highest enzyme activity appeared when the stationary phase E. gracilis cells
were disruped by French press at about 207 bar. Additionally, an endo-
glucanase was also characterized. The optimum pH was at pH 5.2. But in
contrast to the exo-glucanase, the endo-glucanase lost its activity by heating to

55 °C. Another difference between the two glucanases was their solubility: the
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exo-glucanase was mostly exited in the supernatant after centrifugation. But
the endo-glucanase remained in the pellet of percentage about 15-39%. The
pellet contained large amounts of insoluble paramylon, indicating that the endo-
glucanase was associated with the membrane or the surface of the paramylon

granule (Vogel and Barber 1968).

1.4.2 Lytic polysaccharide monooxygenases (LPMOSs)

For the derivation of biofuels from non-edible biomass in a more environment
friendly transition and breaking the bottleneck of enzymatic conversion, studies
are stimulated. Desires on enzymes capable of breaking down recalcitrant
polysaccharides, such as paramylon in this work, are boosted. In the traditional
model, degradation of such polysaccharides is performed by glycoside
hydrolase cocktails, consisting of endo-acting enzymes that cut randomly in the
polymer chain and exo-acting enzymes which degrade the substrate from free
chain ends. Despite the well acceptance of this model, efficient enzymatic
conversion of highly crystalline polysaccharide remains a major bottleneck.
Difficulties for the glycoside hydrolases directly deconstruct crystalline
substrate into fermentable sugars remains. An unidentified component which
may overcome these difficulties was firstly speculated in 1950 (Reese et al.
1950). Researchers proposed that two components were involved in microbial
cellulose degradation: One component broke the barrier of polysaccharide
crystallinity and the second one corresponded to glycoside hydrolase. Early
studies in 1974 firstly reported oxidation as an important enzymatic reaction in
cellulose degradation (Eriksson et al. 1974). Decades have passed between
the neglect and discovery of lytic polysaccharide monooxygenase (LPMO)
activity against recalcitrant polysaccharide such as cellulose (Forsberg et al.
2011) and chitin (Vaaje et al. 2010). The discovery of the LPMOs spured
introspection of the classical recalcitrant polysaccharide degradation by

hydrolytic enzymes.
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LPMOs catalyze the oxidative cleavage of glycosidic linkages of
polysaccharides for introducing new chain ends in present of molecular oxygen
and an external electron donor, which boosts the activities of hydrolytic
enzymes (Forsberg et al. 2016). Chain cleavages are formed by oxidation at
either C1 or C4 carbon of a sugar ring (Beeson et al. 2012; Isaksen et al. 2014).
Enzymes with mixed C1/C4 activitiy have also been reported (Forsberg et al.
2014a). As showed in Fig.8, oxidation at C1 results in the formation of a lactone,
then be further hydrated to a reducing-end aldonic acid, while oxidation at C4
formed a ketoaldose at the non-reducing end (Hemsworth et al. 2015). LPMOs
can accept electrons from variety of donors, for instance cellobiose
dehydrogenase (CDH) (Courtade et al. 2016), small molecule reducing agents
such as ascorbate and gallic acid (Vaaje et al. 2010), and lignin derived redox

mediators (Westereng et al. 2015).

Cu:LPMO Cu:LPMO Cu LPMO Cu:LPMO
+H,0 +0,+2H +2e” + 0, + 2H + 2e” +H,0
OH

Rﬁo : #ﬂ\ ’ﬁ, LS

Reducing-end Iactone OH
Non-reducing end

Hiow ketoaldose

Reducing-end aldonic acid

Fig.8 Schematic representation of the LPMO reactions.

LPMOs catalyze oxidation within a polysaccharide chain leading to chain

cleavage. Oxidation at C1 results in the formation of a lactone, which is
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hydrated to become a reducing-end aldonic acid. C4 oxidation leads to the

formation of a ketoaldose at the non-reducing end (Hemsworth et al. 2015).

Originally, LPMOs were classified mistakenly in two families in the
carbohydrate active enzymes (CAZy) database: glycoside hydrolase family 61
(GH61), which mainly consisting of fungal enzymes having weak endo-
glucanase activity; and carbohydrage binding module family 33 (CBM33) in
which were mostly bacterial proteins. In 2010, CBM33s were found
deconstructing chitin in an oxidative mechanism (Vaaje et al. 2010), and
subsequently GH61s were found able to boost the activity of glycoside hyrolase
enzymes on lignocellulose (Harris et al. 2010b). In 2011, CBM33s (Forsberg et
al. 2011) and GH61s (Westereng et al. 2011) were then demonstrated as
oxidative enzymes and cooper was identified as the correct metal cofactor in
the oxidation. These enzymes were first described as “lytic oxidases” (Mba et
al. 2012), and then changed to the term “lytic polysaccharide monooxygenase”
(LPMO) in 2012 (Horn et al. 2012), reflecting the ability to break and lossen

polysaccharide chains from recalcitrant substrates.

Due to the potentially key role of breaking the bottle neck of enzymatic
biomass conversion, there was a great interest in unraveling the ability of
LPMOs to boost the conversion. Since the discovery of LPMOs, high diversity
in sequence, modularity and substrate preference has been explored. Currently,
LPMOs are classified in auxiliary activity (AA) families 9, 10, 11, and 13 in CAZy
database (Levasseur et al. 2013). The fungal LPMOs belong to families AA9,
AA11, and AA13, whereas bacterial LPMOs are sorted in family AA10. In the
family of fungal LPMOs, 328 genes related to cellulose cleaving, 66 genes of
chitin cleaving, 14 genes of starch cleaving, while 1840 genes of chitin and
cellulose cleaving bacterial LPMOs are identified (Martinez 2016). The enzyme

has been demonstrated acting on 1,4-glycosidic bonds for deconstructing
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cellulose, chitin, starch, and hemicelluloses.

In Table 1, some of the

characterized LPMOs and their activities and substrate specificities are listed.

Table 1 Characterized LPMOs.

CAZy Enzyme Organism Substrate Position Reference
family
AA9 Cel6l1A Trichoderma cellulose N/D (Harris et al.
reesei 2010)
TaAA9 Thermoascus cellulose C1,C4  (Quinlan et al.
aurantiacus 2011)
PcGH61D Phanerochaete cellulose C1 (Wu et al
chrysosoporium 2013)
NcLPMO9D Neurospora cellulose C4 (Beeson et al.
crassa 2012)
AA10 BIAA1OA Bacillus chitin C1l (Forsberg et al.
licheniformis 2014b)
CjLPMO10B Cellvibrio cellulose C1 (Forsberg et al.
japonicus 2014a)
EfAA10A Enterococcus chitin C1l (Gudmundsson
faecalis et al. 2014)
SgLPMO10F Streptomyces chitin C1 (Nakagawa et

gresius

al. 2015)
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TfAA10B Thermobifida cellulose C1 (Forsberg et al.

fusca 2014a)

AA1l Ao0AAll Aspergillus chitin C1l (Forsberg et al.
oryzae 2014b)

AA13 AnAA13 Aspergillus starch C1 (Leggio et al.
nidulans 2015)

NCcAA13 Neurospora starch C1l (Vvan et al
crassa 2014)

Since 2012, LPMOs have been involved in several commercial cellulose
preparations, resulting in efficiently depolymerzation by combined action of
LPMOs and glycoside hydrolases (Harris et al. 2014). Considering both the
benefit of improving recalcitrant substrate utilization and lowering glycoside
hydrolases dosage, the cocktails including LPMOs need to be formulated for
every raw material. But by now, no activity has been demonstrated against -
1,3-glucan, such as paramylon. This situation stimulated the trial in this work of
searching LPMOs which could act directly on paramylon granule and

depolymerize it with synergy of $-1,3-glucanases.

1.5 Pichia pastoris expression system

Pichia pastoris is the most cost-effective eukaryotic protein expression system
that results in high protein expression yield and achieves a high success rate
for a variety of recombinant proteins. As a yeast, P. pastoris has many
advantages of higher eukaryotic expression systems, such as protein
processing, protein folding, and posttranslational modification, straightforward

molecular and genetic manipulations and has the added advantage of secreting
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the highly expressed protein into the medium (Ahmad et al. 2014). Therefore,
the P.pastoris was used as recombinant enzyme expression system in this work.
Basic knowledges, such as methanol metabolism, gene integration, and protein

secretion of this system were introduced in following sections (1.5.1-1.5.10).

1.5.1 A brief history of P. pastoris

Methylotroph is the type of cultivation of organism grow on reduced one-carbon
(C1) compounds, such as methanol, as sole source of carbon and energy.
Methylotrophs are confined to a few prokaryote and eukaryote microorganisms.
To prokaryotic methylotrophs, the C1 compound could be methanol,
methylamine or methane, whereas in eukaryotic methylotrophs this is limited to

methanol (Van et al. 2006).

In yeasts, only a limited number of species belonging to the genera Pichia,
Candida, or Torulopsis are able to grow on methanol as sole carbon source,
(Gellissen 2000). Among them, P. pastoris is well studied. It has unicellular oval
shape, 1-5 ym wide and 5-30 um long (as showing in Fig.9), with a typical
eukaryotic cell wall structure consisting of 30-60% polycacharides (mainly (-
glucan and mannan sugar polymers), 15-30% proteins, 5-20% lipids, and small
amount of chitin (Klis 1994). It has broad pH and temperature range for living

between pH of 3-7 (Cregg et al. 2000) and 25-35 °C (Patrick et al. 2005).

Fig.9 Scanning electron micrograph of Pichia pastoris (Schutter et al. 2009).
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P. pastoris is taxonomically classified under the kingdom Fungi, division
Eumycota, subdivision Ascomycotina, class Hemoascomycetes, order
Endomycetales, family Saccharomycetaceae, and subfamily
Saccharomycetoideae. Since 1940s, Herman Phaff isolated several yeasts
from the Yosemite region of California and established a new Pichia species,
Pichia pastoris (Phaff 1986). In 1969, the ability of yeast utilizing methanol as
the sole carbon source was firstly described by Koichi Ogata (Koichi Ogata
1969). Immediate attention was attracted in the following decade, because of
P. pastoris’ potential ability of generating yeast biomass and protein for animal
feed. In 1970s, mediums and protocols for P. pastoris growing on methanol at
high cell densities were developed by Phillips Petroleum Company. In early
1980s, Phillips Petroleum contracted with Salk Institute Biotechnology/
Industrial Associate Inc.(SIBIA), developed the P. pastoris system as a
heterologous protein expression system (Higgins and Cregg 1998). The
enzyme alcohol oxidase | (AOX1l) gene and its promoter were isolated
(Roggenkamp et al. 1984; Roa and Blobel 1983), vectors, strains and methods
for molecular genetic manipulation were also developed for P. pastoris
expression system (Cregg et al. 1985). High levels of heterologous protein
could be expressed by this new system, due to the combination of the strong
and tightly regulated AOX1 promoter, and by optimized fermentation methods
(Tschopp et al. 1987; Sreekrishna et al. 1988). In 1993, Phillips Petroleum sold
the patent to the current holder Research Corporation Technologies (RCT) and
licensed Invitrogen Corporation to sell the commercial products of this system
which were widely used in molecular biology studies and industries until now

(Cereghino and Cregg 2000).

Since 1984, the P. pastoris expression system has been selected for cloning
and producing hundreds of heterologous proteins due to advantages over other
microorganisms. Properties that make the P. pastoris an outstanding system

were summarized as ability to reach high cell densities in uncomplex growth
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medium, easy manipulations in genetic terms, using strong and tightly regulated
eukaryotic promoters such as alcohol oxidase (AOX) promoter and post
translational modification performances as glycosylation, disulfide bond
formation, proteolytic processing, secretion of foreign proteins by signal
peptides into extracellular medium and therefore simplifying downstream

processes (Cregg et al. 2000; Daly and Hearn 2005; Ahmad et al. 2014).

1.5.2 Methanol metabolism in P. pastoris

The general mode of methylotrophs to utilize carbon is converting C1 molecules
into C3 compounds by a cyclic pathway. In P. pastoris and other methylotrophic
yeasts, the C1 assimilate uniquely via the xylulose monophosphate cycle. The
initial oxidation of methanol takes place in specialized microbodies,
peroxisomes, and followed by subsequent metabolic steps in cytoplasm

(Sibirny et al. 1990).
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Fig.10 Schematic representation of methanol metabolism in P.pastoris

(Van et al. 2006).

1. alcohol oxidase (AOX), 2. catalase (CAT), 3: formaldehyde
dehydrogenase (FLD), 4: S-formylglutathione hydrolase (FGH), 5: formate
dehydrogenase (FDH), 6: dihydroxyacetone synthase (DHAS), 7:

dihydroxyacetone kinase, 8: formaldehyde reductase.
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In peroxisome, oxidation of the sole carbon source methanol is catalyzed by
the alcohol oxidase (AOX, EC 1.1.3.13), an enzyme belongs to the family of
glucose methanol choline oxidoreductase. The oxidation of methanol by AOX
results in the generation of hydrogen peroxide and formaldehyde. Enzyme
catalase (CAT) decomposes hydrogen peroxide into water and oxygen
(Ozimek et al. 2005). Formaldehyde is assimilated in the peroxisome or
dissimilated in the cytosol, the proper partitioning over these two pathways is
fully depending on whether sufficient xylulose-5-phosphate (XusP) is present

within the peroxisome (Yurimoto et al. 2005).

Dihydroxyacetone synthase (DHAS, EC 2.2.1.3) catalyzes the transketolase
reaction between xylulose-5-phosphate (XusP) and formaldehyde yielding
dihydroxyacetone (DHA) and glyceraldehyde-3-phosphate (GAP) (Sakai et al.
1998). These C3 compounds are diffused to the cytosol. DHA is phosphorylated
by dihydroxyacetone kinase forming dihydroxyacetone phosphate (DHAP). In
the following aldolase reaction with GAP, it forms fructose-1,6-phosphate (FBP)
which is converted to fructose-6-phosphate (FsP) catalyzed by phosphatase.
XusP is regenerated by the subsequent pentose phosphate cycle and
transferred into the peroxisome. One third of GAP is exploited for biomass

formation via gluconeogenesis (Yurimoto et al. 2011).

Within the cytosolic dissimilation pathway, formaldehyde is trapped by the
reduced form of glutathione (GSH) to generate S-hydroxymethyl glutathione
(GS-CH20H) which is a suitable substrate for formaldehyde dehydrogenase
(FLD, EC 1.2.1.1) yielding S-formylglutathione (GS-CHO) and NADH. GS-CHO
is than hydrolyzed by S-formylglutathione hydrolase (FGH, EC 3.1.2.12) to
formate and GSH. Formate oxidation is catalyzed by formate dehydrogenase
(FDH, EC 1.2.1.2) yielding CO2 and NADH. Dissimilation of formaldehyde
results on one hand in the generation of NADH, on the other hand in production

of ATP via mitochondrial oxidative phosphorylation. The enhancement of AP
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will stimulate the formation of XusP and import it into the peroxisome for

assimilatory pathway (Van et al. 2006).

1.5.3 Methanol utilization phenotype in P. pastoris

Two alcohol oxidase genes participate the methanol metabolism of P. pastoris :
AOX1 which was isolated in 1985 by Ellis et al. (Koshland 1953) for the first
time and AOX2 which was characterized in 1989 by Cregg et al. (Cregg et al.
1989). The major alcohol oxidase activity detected in P. pastoris fermentation
using methanol as carbon source is contributed by AOX1 (responsible for 85%
of alcohol oxidase activity), which is more active than AOX2 (responsible for
15% of alcohol oxidase activity) (Cereghino and Cregg 2000). This activity
difference is caused by the difference in nucleotide sequence located at 5’ end
of the protein coding portion, although the AOX2 is about 97% homologous to
AOX1. The presence of methanol as the only carbon source in the environment
can induce the AOX1 promoter, and be repressed when other carbon source

exists, such as glucose or glycerol (Paulova et al. 2012).

Because of the presence of two alcohol oxidases in the system, P. pastoris
strains can be divided into three phenotypes respecting to methanol utilizing

abilities (Patrick et al. 2005).

a) Methanol utilization plus (Mut*) phenotype: Both AOX genes are active
and the wildtype cells have efficient growth on methanol (Jungo et al.

2006).

b) Methanol utilization slow (Mut®) phenotype: Only the weak AOX2 gene
is active, thus cells grow slower using methanol as only carbon source
comparing to wild type (Jungo et al. 2006), but can avoid oxygen
limitations and difficulties associated with high cell density cultivation

(Cos et al. 2006).

25



Introduction

c) Methanol utilization minus (Mut’) phenotype: This type of P.pastoris are
unable to utilize methanol for growth, as both AOX1 and AOX2 genes

are defective.

The most commonly used expression host of P. pastoris is GS115, the wild
type with both the AOX1 and AOX2 genes, and has a phenotype of Mut* (Cregg
et al. 1985). The frequently used Mut® strain is KM71, in which the chromosomal
AOX1 gene is largely replaced with the S.cerevisiae ARG4 gene, resulting in
slow growth on methanol relying on the weak AOX2 gene for the AOX activity.
The Mut type of P.pastoris host, for instance MC100-3, has deleted both AOX

genes and is unable to grow on methanol (Martin-Cuadrado et al. 2008).

1.5.4 Promoter in P. pastoris

The promoter AOX1 (alcohol oxidase 1, Paoxi) is the most used inducible
promoter, which was firstly employed in 1987 for B-galactosidase expression
(Tschopp et al. 1987). As reported, the Paoxi is induced only when methanol is
the only carbon source, and is strongly repressed by glucose, glycerol or
ethanol until these carbon source be depleted (Inan and Meagher 2001). Based
on the analysis of the AOX1 promoter sequence, a consensus sequence of
core motif consisting 5-CYCCNY-3’ was found as specific binding sites for
transcription factors (Kranthi et al. 2010). The zinc finger protein Mxrlp
(methanol expression regulator 1) (Cereghino et al. 2006) and ROP (repressor
of phosphoenolpyruvate carboxykinase) (Kumar and Rangarajan 2012) share
this DNA binding specificity, but regulate the Paox1 antagonistically in P.pastoris.
In the promoter of AOX1, Mxrlp binds at least six regions with the core motif,
and deletions of these regions resulting a significant activity reduction of the
promoter (Kranthi et al. 2009). Contrarily, deletion of the gene encoding ROP
results in increasing activity of Paoxi in a nutrient rich medium (Kumar and

Rangarajan 2012).
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Although the P. pastoris with strong AOX promoter is an effective system for
protein expression, there are disadvantages due to the usage of methanol.
These can be summarized as not suitable for food and therapeutic products
manufacturing, as well as the explosive and flammable danger when storing
large quantities of methanol (Patrick et al. 2005). Taking these limitations into
consideration, alternative promoters for heterologous protein expression in P.
pastoris, either constitutive or inducible have been developed. For constitutive
promoters, promoter GAP (Glyceraldehyde-3-P dehydrogenase) (Waterham et
al. 1997), promoter TEF1 (Translation elongation factor 1) (Adamian et al.
2011), promoter PGK1 (3-Phosphoglycerate kinase) (Almeida et al. 2005), and
promoter Glycosyl GCW14 (Phosphatidyl inositol anchored protein) (Liang et
al. 2013) are often used. Beside promoter AOX1, the most used and recently
established inducible promoters in P. pastoris for heterologous expression are:
promoter DAS (Dihydroxyacetone synthase) (Ellis et al. 1985), promoter FLD1
(Formaldehyde dehydrogenase 1) (Shen et al. 1998) and promoter ADH1
(Alcohol dehydrogenase), promoter ENO1 (Enolase), and promoter GUT1
(Glycerol kinase) (Cregg 2012). Among the constitutive promoters, promoter
GAP (Glyceraldehyde-3-phosphate) is the commonly used for constitutive

protein expression (Waterham et al. 1997).

1.5.5 Selection marker in P. pastoris

The standard setup of selection marker used in P. pastoris are either
auxotrophy markers or genes conferring resistance to antibiotics. For the former
type, several auxotrophic strains together with vectors having the respective
genes have been developed. For instance, HIS4 (Histidinol dehydrogenase
gene) (Cregg et al. 1985), ARG4 (Aregininosuccinate lyase gene), ADE1 (PR-
aminoimidazole succino carboxamide synthase gene), URA3 (Orotidine-5'-
phosphate decarboxylase gene) (Cereghino et al. 2001) and MET2 (Methyl

transferase gene) (Thor et al. 2005). In the latter strategy, zeocin resistance
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gene (Drocourt et al. 1990), blasticidin S deaminase gene (Kimura et al. 1994),
and kanamycin resisitance gene (G418) (Scorer et al. 1994) are commonly
used. In this work, as the P. pastoris GS115 is a well studied HIS4 auxotrophic
mutant, a vector with wild type HIS4 gene was used for transformation and

protein expression.

1.5.6 Gene integration in P. pastoris

Stable gene integration in P. pastoris is performed via homologous
recombination between linearized vector and genome in homology regions.
The integration can be conducted in two ways, gene insertion and gene

replacement (Ahmad et al. 2014).

The gene insertion commonly events at the AOX1 locus or HIS4 locus. Single
or multiple gene insertion occurs at both loci. The multiple insertion happens at
a low frequency less than 10%. Gene insertion at the AOX1 locus conduct via
a crossover mechanism at one of these regions in the vector: the AOX1
promoter, the AOX1 transcription termination region (TT), or 3’-end of AOX1
expression cassette. The Fig.11 shows the insertion of linearized recombinant
vector at 3’-end AOX1 region, gaining an expression cassette of promoter

AOX1, gene of interest, and HIS4.

Gene insertion at the HIS4 locus occurs by crossover event between the
HIS4 locus in the P. pastoris chromosome and the HIS4 gene in the
recombinant plasmid as shown in Fig.12, by linearizing the vector at a

restriction enzyme site located in HIS4 gene.
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Fig.11 Insertion of linearized plasmid to the AOX1 locus (Life technologies

2014).
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Fig.12 Insertion of linearized plasmid to the HIS4 locus (Life technologies

2014).

Gene replacement conducts via double crossover event between the AOX1
promoter and 3’ AOX1 terminal regions between the recombinant vector and P.
pastoris genome, resulting in AOX1 gene deletion and replacement by the

expression cassette containing promoter AOX1, gene of interest and selection

marker. Because of the disruption of the AOX1 gene, these recombinant strains
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generated are Mut® phenotype and rely weaker enzyme AOX2 for growth on
methanol. In this work, all the recombinant vectors were integrated into P.
pastoris strain GS115 by gene replacement at AOX1 locus. The Fig.13 below

shows the gene replacement at the AOX1 locus.

- "’-Z\\m D
Pichia genome (his4)

B TR EFTT)— D integrated
into genome

Fig.13 Gene replacement at the AOX1 coding region (Life technologies
2014).

1.5.7 Protein secretion in P. pastoris

P. pastoris expression system eliminates the costs of expensive downstream
purification, as the secreted heterologous protein constitutes the majority of
total protein in the medium (Weidner et al. 2010). Protein secretory pathway in
P. pastoris involves several key steps as showing in Fig.14 (Lambertz et al.
2014). The peptide with an endoplasmic reticulum (ER) secretion signal is
synthesized by the ribosome, then targeted to the ER where N-glycosylation,
folding and cleavage occurs. The peptide exits the ER and enters the golgi
apparatus where their pro-region is removed by dibasic endo-peptidases, such
as Kex2. Afterward, the recombinant mature protein is packed into a secretory
vesicle that will bud from the golgi apparatus and fuse with the plasma
membrane. It is then delivered to the periplasm, and transported into the

extracellular medium via the cell wall afterwards. For secretion of the
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recombinant protein, a secretion signal leader peptide is needed. The
commonly used secretion signals in P. pastoris are a-mating factor (a-MF), and
the invertase signal sequence (SUC2) from S.cerevisiae, or the P. pastoris
endogenous acid phosphatase signal sequence (PHO1) (Daly and Hearn 2005).
In this work, the secretion signal a-MF was involved for protein secretion (See

Fig.15).
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Fig.14 Schematic representation of protein secretion in P. pastoris (Lambertz
et al. 2014). Arrows indicate the secretory pathway, from the ER (1) the
protein is transferred via the golgi apparatus (2) to the medium (3) in

secretory vesicles.
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Fig.15 Primary structure of a-MF secretion signal leader.

The a-MF leader consists of two regions, a pre-sequence signal peptide of
19 amino acids and a pro-region of 67 amino acids. The pre-region is
responsible for directing the nascent protein post translationally into the ER and

is cleaved off subsequently by signal peptidase (Waters et al. 1988). The pro-
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region is needed for transferring the protein from the ER to the golgi apparatus
compartment and is cleaved at the Lysine-Arginine (K-R) site by the protease

Kex2 to release the mature protein.

1.5.8 Glycosylation in P. pastoris

Glycosylation is the most common post-translational modification to proteins. P.
pastoris is capable of both O-linked and N-linked glycosylation of expressed

proteins (Pourcq et al. 2010).

Eukaryotic cells assemble O-linked saccharide onto the hydroxyl groups of
serine or threonine residues in proteins and mainly occur in the golgi apparatus.
In yeast such as P.pastoris, the O-oligosaccharides usually comprise one to

five mannose a-1,2 linked residues in arrangement (Duman et al. 1998).

In all eukaryotes, the initial step of N-linked glycosylation takes place at the
cytoplasmic side of the ER, begins with the sequential addition of N-
acetylglucosamine (GIcNAc) and mannose (Man) residues, and synthesizes a
dolichol-linked glycan precursor. The further elongating occurs after the
intermediate MansGIcNAc2-PP-Dol structure is flipped to the lumen of the ER
until GlcsMangGIcNAc: is formed. The resultant oligosaccharide is transferred
to asparagine residues of the nascent polypeptide chain trimming to
MansGIcNAc:. At this point, glycosylation pattern of yeast and higher eukaryote
differs. In yeast, processing after the glycoconjugate is transported to the golgi
apparatus starts with the addition of a-1,6-mannose residues. This branch is
elongated by stepwise addition of mannose residues leading to a very

complicated hypermannosylated glycoform mixture (Dean 1999).

1.5.9 Conclusion of P. pastoris expression system

The use of P.pastoris as host for recombinant protein expression has become
increasingly popular in recent years. P.pastoris is easy to manipulate

genetically. The linearized foreign DNA can be inserted in high efficiency via
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homologous recombination to generate stable transformats. The benefit of the
strong promoters drive promising high-level expression of target proteins. More
importantly, P. pastoris is an eukaryote provides the potential of producing
soluble, correctly folded recombinant proteins with post-translational
modifications. A further benefit of P. pastoris is that the ability of growing in high
cell density enabling large scale fermentations at lower cost than most other

eukaryotic systems (Ahmad et al. 2014).

Although many basic elements of P. pastoris expression system are well
studied and many industrial enzymes have been successfully expressed,
further work could still be conducted for optimizing the system. Improving
protein secretion by employing different secretion signals is one of the foremost
goal in researches (Vadhana et al. 2013). Another general interest is to find
effective alternatives to induce protein expression instead of toxic methanol for
industrial scale fermentation (Delic et al. 2013). Moreover, by engineering the
glycosylation pathways, P. pastoris may produce proper post-translational
modifications of therapeutic proteins for better pharmacokinetic behaviors

(Pourcq et al. 2010).

1.5.10 B-1,3-glucanases expressed in P. pastoris

To produce B-1,3-glucanase, the heterologous expression of the enzyme has
been tried in various host organisms, including Escherichia coli (Kutty et al.
2015), Bacillus subtilis (Chuen and Lynch 1998), Streptomyces lydicus (Wu et
al. 2015), Saccharomyces cerevisiae (Giczey et al. 2001), and higher plants
(Zhang et al. 2015). The popular yeast P.pastoris was also used as expression
host. For instance, endo-B-1,3-glucanases from Lentinula edodes (Sakamoto
etal. 2011), Aspergillus fumigatus (Hartl et al. 2011), and exo-B-1,3-glucanases
from Phanerochaete chrysosporium (Ishida et al. 2009), Candida albicans
(Patrick et al. 2010) have been successfully expressed in P. pastoris. In 2015,
the B-1,3-glucananse from thermophilic fungus Chaetomium thermophilum
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which belonging to GH family 55 was expressed in P. pastoris (Papageorgiou
and Li 2015). Two exo-B-glucanases of GH family 3 from Saccharomycopsis
fibuligera and Trichoderma reesei were also cloned and expressed in P.
pastoris. These two enzymes both exhibit significant hydrolysis activity against
substrate p-nitrophenyl-beta-d-glucopyranoside, but no evidence of glycosidc
bond specificity was reported (Ma et al. 2015). An endo-3-1,3-glucanases of
GH family 17 from Ash pollen was produced in P. pastoris. Meanwhile, the N-
terminal catalytic domain of this enzyme was expressed as independent protein
in P. pastoris. Although full-length enzyme, showed low enzymatic activity, the
recombinant N-terminal catalytic domain had 200-fold higher activity on
laminarin as substrate (Torres et al. 2015). As a common enzyme used in
biomass conversion, it's believed that more work about B-1,3-glucanase
expression in the P. pastoris system will be reported, such as optimizations of
codon wusage, protein structure, medium and cultivation conditions,

fermentation engineering and so on.
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2. Materials and Methods

2.1 Basic nucleic acid manipulation

2.1.1 Isolation and cleanup of total ribonucleic acid (RNA)

Total ribonucleic acid (RNA) isolation was performed using RNeasy Plant Mini

Kit (Qiagen) according to the standard protocol.

RNA purity and integrity are essential for RNA-related experiments.
Ribonuclease (RNase) is a highly stable contaminant in laboratory environment
which degrades RNA. To prevent prepared samples from RNase degradation,
following guidelines should be abided. A set of separate instruments such as
pipettes, centrifuge, votexer and disposable nuclease-free plastic-wares are
needed exclusively for work with RNA. For glasswares: incubate in 0.1% (v/v)
diethylpyrocarbonate (DEPC, Sigma-Aldrich, USA) solution overnight at 37 °C
following by autoclaving to ensure complete decomposition of DEPC to CO2
and ethanol. The work surfaces are cleaned with RNaseZap solution (Thermo
Scientific, USA) before use. And wear gloves and change frequently when

handling RNA.

The isolated total RNA was cleaned up using deoxyribonuclease | (DNase I,
Sigma-Aldrich, USA) and RNeasy MinElute Cleanup Kit (Thermo Scientific,

USA). This work was conducted according to the protocol bellow.
1. Add the following reagents into an RNase-free PCR tube:

Table 2 Total RNA clean-up reaction mixture.

Reagent Volume (uL)

Isolated total RNA 8

35



Materials and Methods

10x Reaction buffer 1

DNase | 1

Mix gently and incubate at room temperature for 15 minutes;

Add 1 pL of stop solution to bind calcium and magnesium ions for

inactivating DNase I;

Incubate the mixture at 70 °C for 10 minutes to denature both the DNase |

and RNA, then chill on ice;
Collect RNA according to the concentration protocol provided by the Kkit;

The concentration and purity of RNA isolated was determined by
NanoDrop® spectrophotometer (Thermo Scientific, USA). Absorbance
readings at 260 nm should be between 0.05 and 1.00. The ratio between
the readings at 260 and 280 nm (A260/A280) provides an estimate of the
purity of the RNA. Pure RNA preparations have A260/A280 values of 2.0.
RNA samples displaying A260/A280 values in the range of 1.8 to 2.0 could
be regarded as highly pure and samples with values below 1.0 should not

be used:;

The pure RNA prepared was used for first strand cDNA synthesis

immediately.

2.1.2 First strand complementary deoxyribonucleic acid

(cDNA) synthesis

The first strand complementary deoxyribonucleic acid (cDNA) synthesis was

performed with RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo

Scientific, USA) using the total RNA as template. The synthesis reaction was

procced on ice according to the following protocol.
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1. Add the following reagents into a sterile, nuclease-free PCR tube and add

nuclease-free water to the final volume of 12 puL,;

Table 3 cDNA synthesis reaction mixture.

Component Amount
Template RNA 2.5 ug
10 pmol/L Primers 1pL

Nuclease-free water To 12 uL

2. Mix gently, centrifuge briefly and incubate at 65 °C for 5 min. Chill on ice,
afterwards;

3. Add the following reagents to the PCR tube and incubate for 60 min at 42 °C;

Table 3 Continued

Component Volume (uL)
5x Reaction buffer 4
20 U/ pL RNase inhibitor 1
10 mM dNTP Mix 2
200 U/uL Reverse transcriptase 1

4. Terminate the reaction by heating at 70 °C for 5 min. The reverse
transcription was used for cloning work immediately or stored at -80 °C for
further use.
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2.1.3 Plasmid isolation

E. coli transformant was picked to inoculate 5 mL LB medium per well with
respective antibiotic in 24 square-well plate (HJ-bioanalytik, Germany). The
culture was allowed to grow overnight at 37 °C with shaking at 120 rpm, shaking
orbital of 50 mm (Kuhner LS-X, Germany). Plasmid isolation was prepared from
E. coliin small scale using innuPREP Plasmid Mini Kit (Analytikiena, Germany).
The concentration and purity of isolated plasmid was determined by NanoDrop®

spectrophotometer. The plasmid was used immediately or stored at -20 °C.

2.1.4 Restriction endonuclease digestion

All restriction endonucleases were FastDigest™ enzymes (Thermo Scientific,
USA). The reaction components were mixed according to the standard reaction
setup provided by the manufacture and incubated for 2 hours in a 37 °C water

bath.

2.1.5 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate, identify, and purify
deoxyribonucleic acid (DNA) fragments. A 10 g/L gel was prepared by mixing
agarose in 0.5xTAE buffer. 5 uL Roti ®-Safe Gel Stain (Carl Roth, Germany)

was added to every 100 mL gel solution and mix thoroughly before solidifying.

To run electrophoresis, the gel was submerged with 0.5xTAE buffer in a
chamber (Mupid-One, Nippon Genetics, Japan). 5-15 uL DNA sample, which
was previously mixed with 1/10 volumes of 10 x DNA loading buffer, as well as
8 puL 1 Kb DNA Ladder (Plasmid Factory, Germany) was loading into each well,
respectively. The electrophoresis was carried out at 150 volts until dye markers
have migrated an appropriate distance depending on the size of the DNA
fragment of interest. An BioDocAnalyze Systeme (Analyticjena, Germany) was

used for gel visualization.
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2.1.6 Purification and ligation of DNA fragments

DNA fragments from reaction mixtures such as restriction endonuclease
digestions, PCR etc., were purified using Wizard ® SV PCR Clean-up Kit

(Promega, USA) following the manufacturer’s instructions.

DNA fragment separated by agarose gel electrophoresis was excised from
the gel and then extracted by Wizard ® SV Gel Clean-up Kit (Promega, USA)

according to the standard procedure.

T4 DNA Ligase LC (Thermo Scientific, USA) was used for DNA ligations.
Inserting DNA and linearized vector were mixed in a molar ratio of 3:1. The
reaction mixture was prepared following the standard sticky end ligation
protocol provided by the manufacturer. And the reaction was performed by
incubating in a water bath at 22 °C for 1 hour. Before transformation, the
reaction mixture was further incubated at 65 °C for 10 min, then chilled on ice

to inactivate T4 DNA ligase.

2.1.7 Isolation of genomic DNA

To prepare the P. pastoris genomic DNA, single colony appeared on YPD plate
after incubating at 30 °C was selected. After cultivating overnight in 5 mL/well
of YPD medium using 24 square-well plate (HJ-bioanalytik, Germany) at 30 °C
with constant shaking (180 rpm, shaking orbital 20 mm, IKA-KS 4000ic control,
Germany), yeast cells were harvested by centrifugation. Genomic DNA
isolation was performed using MasterPure™ Yeast DNA Purification Kit

(Epicentre, USA) following the protocol provided.

To isolate genomic DNA from Asperfillus oryzae, a glycerol stock was used
to prepare a seed culture by inoculating 5 mL mL/well YPD medium in 24
square-well plate and cultivated for 16 h at 30 °C with shaking frequency of 180
rpm, shaking orbital of 20 mm. The entire seed culture was transferred into 50

mL of the same growth medium in 250 mL baffled shake flask and cultivated
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for 24 h at the same conditions. A 10 mL portion was centrifuged for harvesting
mycelium. The harvested pellet was washed twice with demineralized water
before lyophilization. Then the freeze-dried mycelium pellet was pulverized into
fine powder using mortar and pestle in the presence of liquid nitrogen. Genomic
DNA isolation from A. oryzae was then performed using Wizard® Genomic DNA
Purification Kit (Promega, USA) according to plant tissue protocol. The genomic

DNA was used immediately or stored at -20 °C.

2.1.8 Polymerase chain reaction (PCR)

1. PCR was performed for the specific amplification of DNA, using plasmid,
genomic DNA, or cDNA as template. The reaction mixture was set up
following the recommendation provided with the Phusion® High-Fidelity

DNA Polymerase (New England Biolabs, USA);

Table 4 PCR reaction mixture.

Component Volume (uL) Final Concentration
5x Phusion HF Buffer 4.0 1%
10 mM dNTPs 0.4 200 uM each
Forward primer 1.0 0.5 uM
Reverse primer 1.0 0.5 uM
Template DNA i <250 ng
*DMSO (optional) (0.6 pL) 3% (v/v)
Phusion DNA Polymerase 0.2 0.02 U/uL
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H20 Add to 20.0 -

*. For amplification of difficult targets, such as GC-rich sequences, or
genomic DNA, a final concentration of 3% (v/v) dimethyl sulfoxide (DMSQO)

was added.

**: Recommend doses of DNA template are showed in the following table.

Table 5 Recommend doses of DNA template.

Template DNA Amount for 20 pL Reaction
Genomic DNA 20 ng — 100 ng
Plasmid 0.4pg-4ng
cDNA <2pL

2. The reaction was performed by Mastercycler® Pro (Eppendorf, Germany)

and the thermocycling conditions below were abided.

Table 6 PCR thermocycling conditions.

step Temperature (°C) Duration Cycles
Initial Denaturation 98 30s 1
Denaturation 98 10s
Annealing * 20s 35

Extension 72 ** 15-40 s/Kb

41



Materials and Methods

Final Extension 72 10 min 1

Hold 4 o0 1

*: The annealing temperature depends on primers used.

**. Extension time is dependent on amplicon length and complexity. The

recommend extension durations were showed below.

Table 7 Recommend extension duration.

Amplicon Extension Duration (s / kb)
Genomic DNA 30
Plasmid 15
cDNA 40

2.1.9 Transformation of E. coli

Transformation of E. coli was carried out according to the protocol from Chung
et al. (Chung et al. 1989). And the rapid E. coli transformation procedure was

optimized as following.

1. Cultivate E. coli DH5a overnight at 37 °C with shaking (120 rpm, orbital
50 mm, Kuhner LS-X, Germany) in 50 mL LB medium in 250 mL shake
flask;

2. Dilute the overnight culture by the ratio of 1:50 with LB medium and grow

at the same condition until the cell density reach ODsoo = 0.25-0.4;
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Harvest the cells by centrifugation at 4 °C, and re-suspend the pellet by
1/10 volume ice-cold TSS buffer (Appendices, solutions and mediums)

to prepare competent cells;

Add 100 pg-10 ng of DNA to 100 uL competent cells. Gently mix the cells

and DNA by flicking the tube and incubate on ice for 10 minutes;
Transfer the tube to room temperature and incubate for 10 minutes;
Re-incubate the tube on ice for another 10 minutes;

Add 800 pL LB medium and incubate the cells at 37 °C with shaking (120
rpm, orbital 50 mm, Kuhner LS-X, Germany) for 1 hour;

Spread 100 pL transformed E. coli on LB agar plate with 100 pL/mL

ampicillin, and incubate overnight at 37 °C.

2.1.10 Transformation of P. pastoris

The method for P. pastoris transformation was developed from the high

efficiency protocol reported by Wu and Letchworth (Wu and Letchworth 2004).

The transformation was carried out by electroporation using Gene Pulser® and

Pulse Controller® (Bio-Rad, USA). Procedure of competent cell preparation and

transformation was optimized below.

1.

3.

A single colony of P. pastoris strain GS115 was grown overnight in 50
mL YPD medium using 250 mL baffled shake flask at 30 °C with shaking
(180 rpm, shaking orbital 50 mm, Kuhner LS-X, Germany);

20 pL of the seed culture was used to inoculate 100 mL YPD medium
and grew at the same conditions until the cell density reached ODsoo=

1.0-2.0;

The cells were harvested by centrifugation and re-suspend with the

same volume of P. pastoris transformation pretreat buffer (0.1 mol/L
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lithium acetate, 10.0 mmol/L dithiothreitol) at room temperature for 30

minutes;
. The cells were washed with ice-cold 1.0 mol/L sorbitol solution thrice;

. The cells were re-suspended with 0.5 mL sorbitol solution (1.0 mol/L) to

prepare competent cells;

. 100 pL competent cells were mixed with 1.5-2.0 ug DNA gently. Transfer
to a 0.2 cm gap electroporation cuvette (Bio-Budget, Germany) and

incubate on ice for 5 minutes;
. The electroporating pulse was applied at 1.5 kV, 25 pF, 200 Q;

. The cuvette was incubated on ice for 5 minutes, and the electroporated
cells were mixed with 800 pL ice-cold 1.0 mol/L sorbitol solution

afterwards;

. 100 pL aliquot was spread on RDB agar plate and incubate at 30 °C for

3-4 days until yeast colonies appear.
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2.2 Basic protein manipulation

2.2.1 Protein concentration assay

The protein concentration assay was performed using Protein Assay Kit (Bio-
Rad, USA) based on the Bradford method. Two procedures were developed for
different ranges of measurement. The standard procedure was for samples with
protein concentration in the range of 0.1 g/L to 0.8 g/L. The more sensitive

microassay procedure was for samples in the range up to 80 mg/L.
2.2.1.1 Standard procedure for protein concentration assay

1. Dye reagent was prepared by diluting one part dye reagent concentrate
with four parts of demineralized water. Then filtered through a Whatman 1
filter (GE Healthcare, USA) to remove particulates;

2. Bovine serum albumin (BSA) protein standard samples were prepared in
following concentrates (0 g/L; 0.1 g/L; 0.2 g/L; 0.3 g/L; 0.5 g/L; 0.8 g/L);

3. 10 pL of each standard or sample solution was pipetted into separate wells
in a 96 well micro titer plate (BrandTech Scientific, Thermo Fisher Scientific,
USA);

4. 200 pL of diluted dye reagent was added to each well. The sample and
reagent were mixed thoroughly using multi-channel pipet to dispense the
reagent;

5. The mixture was incubated at room temperature for at least 5 minutes.
Samples should incubate at room temperature for less than 1 hour;

6. Absorbance at 595 nm was measured by SpectraMax M Microplate
Readers (Molecular Devices, USA);

7. Standard curve for protein concentration from 0O to 0.8 g/l could be seen in

Fig.16.
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Protein concentration (g/L)

0.8

A 595 nm (')

Fig.16 Standard curve for the standard protein concentration assay
(0-0.8 g/L).

Fitting formula: y = 1.068x, R? = 0.9887

2.2.1.2 Micorassay procedure for the more sensitive protein

concentration

1. Protein standard samples were prepared in following concentrates (0

mg/L; 10 mg/L; 20 mg/L; 30 mg/L; 50 mg/L; 80 mg/L;

2. 160 pL of each standard or sample solution was pipetted into separate
well in 96 well micro titer plate (BrandTech Scientific, Thermo Fisher

Scientific, USA);

3. 40 pL of dye reagent concentrate was added to each well. The sample

and reagent were mixed thoroughly;

4. The mixture was incubated at room temperature for at least 5 minutes.

Samples should incubate at room temperature for less than 1 hour;
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5. Absorbance at 595 nm was measured by SpectraMax M Microplate

Readers (Molecular Devices, USA);

6. Standard curve for protein concentration from O to 80 mg/L could be

seen in Fig.17.

Protein concentration (mg/L)

0 0.2 0.4 0.6 0.8 1
A 595 nm (')
Fig.17 Standard curve for the more sensitive protein concentration assay
(0-80 mgl/L).

Fitting formula: y = 83.899x,R? = 0.9901

2.2.2 Sodium dodecyl sulfate polyacrylamide gel electro-

phoresis (SDS-PAGE)

SDS-PAGE was applied to separate and analysis proteins, which was carried
out using 12.5% (w/w) resolving gel and 5.0% (w/w) stacking gel in tris glycine

buffer. The electrophoresis was conducted following to the protocol below.

1. Assemble the glass plates and prepare the 12.5% (w/w) resolving gel
solution, add APS and TEMED together at last as described in Table 8

and mix carefully to avoid the formation of bubbles;
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Table 8 Resolving gel preparation.

Component Volume per 15 mL
ddH20 5.0 mL
30% (w/w) Acrylamide/bisacrylamide solution 6.25 mL
1.5 mol/L Tris-HCI buffer (pH=8.8) 3.75 mL
50 g/L SDS solution 300 pL
10 g/L APS solution 75 uL
TEMED 10 pL

2. Pour the gel solution between the glass plates, leave free space for the
stacking gel. And carefully cover the top of resolving gel with 100 %
isopropanol. Discard the isopropanol until the resolving gel was
polymerized;

3. Prepare the stacking gel as described in Table 9 and pour into the glass

plate sandwich. Insert combs and wait the gel to polymerize;

Table 9 Stacking gel preparation.

Component Volume per 5 mL
ddH20 2.77 mL
30% (w/w) Acrylamide/Bisacrylamide solution 0.83 mL
0.5 mol/L Tris-HCI buffer (pH=6.8) 1.25 mL
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50 g/L SDS solution 100 pL
10 g/L APS solution 50 L
TEMED 6 UL

4. Mix three parts of protein sample with one part of 4x sample buffer (Life
Technologies, USA) before incubating in 98 °C for 15 minutes;

5. Remove combs. Put the glass plate sandwich into electrophoresis tank
and fill with 1x Tris-glycine-SDS buffer. Load 8 pL PageRuler®
Prestained Protein Ladder (Life Technologies, USA) and samples
respectively into wells;

6. Set an appropriate voltage and current depending on the number of
gels refer to Table 10. Increase power when the dye front reaches the

resolving gel,

Table 10 Power management of protein electrophoresis.

Gel 1 gel 2 gels
Stacking gel 13 mA 25 mA
Resolving gel 25 mA 50 A

7. Stop the electrophoresis when protein marker reached appropriate

positions and process gel staining.
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2.2.3 SDS-PAGE gel staining

2.2.3.1 Coomassie brilliant blue staining

After the electrophoresis, wash the SDS-PAGE gel with water twice to remove
running buffer left on the surfaces. Stain the gel with coomassie brilliant blue
G-250 staining buffer (appendices, solutions and mediums) with low speed
shaking at room temperature overnight. Destain the gel by soaking in water for

at least 2 hours.
2.2.3.2 Silver staining

The more sensitive silver staining method was applied for SDS-PAGE gel
visualization and detection of protein having low concentration. The staining
protocol is shown below, and all manipulations were carried out at room

temperature with low speed shaking (appendices, solutions and mediums).
1. Fix the protein by incubate it in fixer solution for 1 hour.
2. Wash the gel twice by soaking in deionized water for 2 minutes;
3. Sensitize by soaking in sensitizing solution for 30 minutes;
4. Wash the gel twice by deionized water for 20 seconds each time;
5. Incubate gel for 20 minutes in silver nitrate solution;
6. Wash the gel twice by deionized water for 1 minutes each time;
7. Develop the gel in visualizing solution until protein bands appear;

8. Terminate the staining by changing to stop solution and incubate for 5

minutes.
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2.3 Activity assay and partial purification of E. gracilis

intracellular proteins

2.3.1 E. gracilis cultivation

The Euglena gracilis Z wild strain was obtained from the culture collection of
Fermentation Technology Research Group, Bielefeld University and cultivated
in a basal medium (Table 11), in 300 mL shake flask at 37 °C with shaking (120
rpm, shaking orbital 50 mm, Kuhner LS-X, Germany) under light exclusion.
Each 100 mL medium was inoculated with 5 mL culture of exponential phase

in the same medium.

Table 11 Medium for E. gracilis cultivation.

Component Concentration (g/L)
MgSOa4 x 7 H20 0.23
(NH4)2HPO4 1.00
CaClz2 x 2 H20 0.03
KH2POa4 1.00
NaCsHs07 x 5.5 H20 0.36
Glucose x H20 20.00

Trace-element Concentration (mg/L)
Co(NO3)2 1.30

MnCl2 x 4 H20 1.80
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CuS0Os4 x 5 H20 0.02
H2Mo0O4 0.20
ZnSO4 x 7 H20 0.40
Fe2(S04)s x 6 H20 3.00
Vitamine Concentration (mg/L)
Thiamin x HCI 0.01
Cyanocobalamin 0.05

2.3.2 Intracellular protein extraction preparation

E. gracilis cells were harvested by centrifugation at 3,500 g for 10 min and
washed in demineralized water. The pellet was resuspended in 0.1 mol/L
sodium acetate buffer (pH=6.0). The cell lysis was prepared by three cycles of
sonication at the highest level for 30 s, and cooled in ice bath for 1 min between
each cycle. The supernatant obtained by centrifugation at 10,000 g for 20 min

was used for the further enzyme activity assay.

2.3.3 Determination of dry biomass and dry paramylon

For determining the dry biomass, a defined volume of culture was centrifuged
at 3,500 g for 5 min. The cells were harvested, washed by demineralized water

three times, and dried in 37 °C for 72 hours before weighting.

To weight dry paramylon, cells were harvested by centrifugation for 5 min at
3,500 g and the cell pellet was re-suspended in the same volume of
demineralized water. The cells were disrupted by three cycles of sonication for

30 s at the highest level. After a further centrifugation at 3,500 g for 5 minutes
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the insoluble substances were washed twice with the same volume of 100%
ethanol. The insoluble proteins were removed by incubation with 1 g/L trypsin
in 0.1 mol/L sodium phosphate buffer (pH 7.6) overnight (37-40 °C) on a shaker
(about 20 rpm, shaking orbital 50 mm, Kuhner LS-X, Germany). After the
incubation, the pellet was obtained by centrifugation at 3,500 g for 5 min, and
followed by washing with demineralized water for twice. The paramylon pellet

was dried in 37 °C for 72 hours before weighting.

2.3.4 Paramylon preparation for enzymatic hydrolysis

The native paramylon granule was prepared as the method mentioned in

determination of dry paramylon in section 2.3.2.

To prepare 2x lyophilized paramylon, paramylon granule was dissolved in
0.1 mol/L KOH solution (in concentrations of 1.0 g/L, 2.5 g/L, and 5.0 g/L) and
transferred to dialysis tubing (MWCO: 8.000 to 10.000, Zellu Trans Roth,
Germany), then incubated for at least 24 hours in demineralized water and
followed by lyophilization. The procedure was performed twice to produce the

so called 2x lyophilized paramylon.

To prepare the alkali treated paramylon, the native granule was mixed with
1.0 mol/L KOH to concentration of 50.0 g/L, the mixture was adjusted to pH 6.0
by 0.1 mol/L HCI forming a paramylon gel. The so-called paramylon gel was
diluted with demineralized water in concentrations of 1.0 g/L, 2.0 g/L, 2.5 g/L,
and 5.0 g/L. The alkali treated paramylon and 2x lyophilized paramylon
solutions were stored for long period at 4 °C and used as substrates for enzyme

hydrolysis.
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2.3.5 Investigation of intracellular B-1,3-glucanase activity

of E. gracilis cultures

2.3.5.1 B-1,3-Glucanase activity assay

Glucanases hydrolyze substrate and generate reducing sugars and reducing
chain ends with free carbonyl groups. These enzymes’ activities are commonly
assayed by quantifying the amount of the reducing groups in the product.
Typically, by some colorimetric procedures, such as 3,5-dinitrosalicylic acid
(DNS) method. The reducing groups react with 3,5-dinitrosalicylic acid (DNS)
in alkaline solution forming 3-amino-5-nitro salicylic acid which is orange-red

colored and could be detected spectrophotometrically at 540 nm (Fig.18).

OH OH
HoocC NO HooC NH,

+ reducing sugar —>

NO, NO,

3,5-dinitrosalicylic acid(DNS) 3-amino-5-nitro salicylic acid

Fig.18 Reaction of DNS with reducing sugar (Kyoto 2011).

The measurement of intracellular B-1,3-glucanase activity of E.gracilis

cultures were performed according to a standard DNS assay procedure below.

1. Following reagents were prepared: 600 g/L sodium potassium tartrate
solution, and 20 g/L 3,5-DNS solution. Prepare DNS work solution

freshly by mixing the two solutions mentioned above with equal volume.

2. 180 pL glucose solution of different concentrations or sample was
mixed with 60 yL DNS work solution in 96 well micro titer plate
(BrandTech Scientific, Thermo Fisher Scientific, USA). Carefully float

the plate on 98 °C water bath for 15 min. Measure the absorbance at
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540 nm by SpectraMax M Microplate Readers (Molecular Devices,
USA) after cooling to room temperature. Absorbance versus
concentration of the standards were plotted to construct the standard

curve (Fig.19).

300

250

200

150

100

50

Reducing sugar equivalent (mg/L)

0 0.05 0.1 0.15 0.2
OD 540

Fig.19 Standard curve of DNS assay.

Fitting formula: y = 1503.8x, R? = 0.9915

3. Calculate the reducing sugar equivalent released by glucanase

according to the standard sugar curve in term of mmol/L.

Reducing sugar equivalent = % = 8.35x (mmol/L)

Where:
y= reducing sugar equivalent, mg/L;

M = molar mass of glucose, 180.16 g/mol.
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2.3.5.2 Influence of substrate

For analyzing the influence of substrates to enzyme activity, native paramylon,
2x lyophilized paramylon or alkali treated paramylon in different concentrations
were used as substrates for 100 yL of 10 mg/L laminarinase (endo-B-1,3-
glucanase, Sigma-Aldrich, USA), respectively. After 8 hours incubation at 37 °C

the enzyme activity was measured by DNS method.
2.3.5.3 Influence of intracellular protein concentration

To study the effect of E.gracilis intracellular protein concentration on the degree
of conversion towards alkali treated paramylon, concentrated extracts
(5-,10-,20-, and 50-fold) from a 7 days culture were prepared. 100 pL extracts
were used as crude enzymes and incubated with 1 mL, 1 g/L alkali treated

paramylon at 37 °C for 8 hours.
2.3.5.4 Influence of the extraction buffer pH value

pH value of the extraction buffer have influence on hydrolases activity of
E.gracilis extracts. After cultivation for 7 days, cell free extracts were prepared
in 0.1 mol/L sodium acetate buffer at different pH values (6.0, 5.5, 5.0, 4.5) as
crude enzymes. 100 pL enzyme samples were incubated with 1 mL of 1 g/L 2x
lyophilized paramylon at 37 °C for 8 hours and followed by reducing group

measurement.
2.3.5.5 Influence of hydrolysis temperature

1 mL of 1 g/L alkali treated paramylon (pH=5.5) with 100 pL of 50x extract was
incubated for 8 hours at 30, 37, 45, 50, and 55 °C, followed by reducing group

measurement.

56



Materials and Methods

2.3.5.6 Influence of incubation duration

100 pL of 50x extract of the 7-day-old culture was incubated at 37 °C in 1 mL

of 1 g/L alkali treated paramylon (pH 5,5) for 16 hours with hourly measurement.
2.3.5.7 Influence of cultivation duration

During cultivation time of 14 days, samples were taken daily and produced a
50x extract. 100 pL of the extraction was incubated in 1 mL of 1 g/L alkali
treated paramylon (pH 5,5) for 16 hours at 37 °C and followed by reducing

group assay.

2.3.6 Partial purification of intracellular proteins from E.

gracilis
2.3.6.1 (NH4)2S0O4 Precipitation

E. gracilis intracellular protein extract was prepared as section 2.3.2. After
centrifugation at 22,000 g for 20 min, the supernatant was precipitated to a final
(NH4)2S04 concentration of 0-20%, 20-60% and 60-80% saturation respectively.
Each precipitate was dialyzed (MWCO: 8.000 to 10.000, Zellu Trans Roth,
Germany) against 20 mmol/L Tris-HCI buffer (pH=5.5) at 4 °C for 4 hours.

Hydrolytic activity was found in the precipitate of 20-60% (NH4)2SO4 saturation.
2.3.6.2 Anion exchange chromatography

The 20-60% saturation precipitate was dialyzed (MWCO: 8.000 to 10.000, Zellu
Trans Roth, Germany) against 20 mmol/L Tris-HCI buffer (pH=5.0) at 4 °C for
4 hours. The enzyme extraction was applied to a weak anion exchange
chromatography column (Toyopearl DEAE 650, 1.6 cm x 10 cm), using 20
mmol/L Tris-HCI buffer (pH=5.0) as loading buffer at flow rate of 1.0 mL/min.

Proteins with glucanase activity against alkali alkali treated paramylon were
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found in flow through fraction under pH=5.0 and the flow through peak was

collected.

The collected proteins were dialyzed (MWCO: 8.000 to 10.000, Zellu Trans
Roth, Germany) for changing buffer to 20 mmol/L Tris-HCI (pH=7.0) at 4 °C for
4 hours and then applied to the same anion exchange chromatography column
using 20 mmol/L Tris-HCI buffer (pH=7.0) as loading buffer at flow rate of 1.0
mL/min. Proteins were eluted by stepwise method. The fraction having
glucanase activity was eluted by 20% elution buffer (20 mmol/L Tris-HCI, 1
mol/L NacCl, (pH=7.0), flow rate 1.0 mL/min). And this peak was collected for

future purification.
2.3.6.3 Hydrophobic chromatography

Enzyme sample obtained from ion exchange chromatography was mixed with
the same volume of solution consisting of 40 mmol/L Tris-HCI and 1.8 mol/L
ammonium sulfate. Then applied to a hydrophobic chromatography column
(Fractogel TSK Butyl 650 (s), 1.6 cm x 6 cm; loading solution: 20 mmol/L Tris-
HCI and 0.9 mol/L ammonium sulfate, pH=5.5; eluting solution: 20 mmol/L Tris-
HCI, pH=5.5). Proteins were eluted stepwise and the fractions were dialyzed
(MWCO: 8.000 to 10.000, Zellu Trans Roth, Germany) against 20 mmol/L Tris-
HCI buffer (pH=5.5) at 4 °C for 4 hours followed by hydrolytic assay toward
alkali alkali treated paramylon. Paramylon degrading activity was obtained from

45 % to 80% eluting fraction.
2.3.6.4 Size exclusion chromatography

The fraction with glucanase enzyme activity collected from hydrophobic
chromatography was concentrated by viva-spin (MWCO 5000, GE Healthcare,
USA) to approximately 1.0 mL and then applied to a size exclusion

chromatography column (Superdex 200, 1.6 cm x 120 cm) using 20 mmol/L
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Tris-HCI buffer (pH=5.5). Fractions were collected by the size of 1.0 mL at a

flow rate of 1.0 mL/min for enzyme activity and protein concentration assay.

2.3.7 Trial of gene amplification of paramylon degrading

enzyme in E. gracilis

2.3.7.1 Total RNA isolation and cDNA synthesis

Total RNA of E. gracilis isolation was performed as described in section 2.1.1.
50 mg lyophilized E. gracilis cells was used for each mini column according to
the standard procedure. After total RNA clean-up, cDNA synthesis was

conducted using oligo(dT)1e primer with adapter (See Table 12).
2.3.7.2 Design of degenerate primer

According to the same peptide sequence identified by mass spectrum, four
degenerate primers (in Table 12) was designed in order to lower the

degeneration level.

Table 12 Primers for degenerate PCR.

Primer Sequence 5-3’

EUGLysoF-a CGC GGI ATH YTI CAA ATH AAC

EUGLysoF-b  CGC GGI ATH YTI CAA ATH AAT

EUGLysoF-c  CGC GGI ATH YTI CAG ATH AAC

EUGLysoF-d CGC GGI ATH YTI CAG ATH AAT

Adapter oligo GGC CACGCGTCGACTAGTACTTTTTTTTTT TTT
(dT)ie primer  TTTT
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AUAP GGC CAC GCG TCG ACT AGT AC

I=A+T+G+C, H=A+T+C, Y=C+T.

2.3.7.3 Degenerate PCR

The summary of target protein gene of E. gracilis amplification was shown in

Fig.20.
mREMNA poly {A) tail
ANAAAR
4T T
Anneal of Oligo (dT)1s primer with adapter
Adapter poly T primer
to mMRNA
5 A AR ) . .
R R e 4TTTTTT 5 cDNA generation specifically using mRNA
l as template

Degenerate primer

£ | ) TTT--TTT -

PCR amplify cDNA using degenerate primer

and AUAP
AUAP

Fig.20 Summary of degenerate amplification.

First strand cDNA synthesis was synthesized from the poly A tail of mMRNA
using an adapted poly T primer. Amplification of target gene was performed
using two primers, the degenerate primer that prospectively annealing to the
target region in the cDNA and the other was a primer targeting the adapter of
the poly T end generated from cDNA synthesis. The PCR was conducted as

followed.
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1. Mix the following reagent into a PCR tube as Table 13;

Table 13 Degenerate PCR reaction mixture.

Reagents Volume (uL)
Template cDNA 1.0
10 pmol/L Oligo (dT)1s primer with adapter 1.0
10 pmol/L AUAP primer 1.0
5x Reaction buffer 2.0
10 mmol/L dNTPs 0.2
DNA polymerase 0.1
ddH20 to total volume of 10 pL

2. Start the amplification program as described in Table 14;

Table 14 Degenerate PCR thermocycling conditions.

Temperature (°C) Duration Cycle
98 30s 1
98 10 s
55 20's 45
72 80s

72 10 min 1
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4 Hold

3. Analysis of degenerate PCR products by 10.0 g/L agarose gel
electrophoresis.
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2.4 Cloning and expression of recombinant f-1,3-

glucanase in P. pastoris
2.4.1 Gene cloning of recombinant B-1,3-glucanase

2.4.1.1 Trichoderma reesei cultivation

Spore suspension of T. reesei QM 6a (ATCC® 13631™) was routinely
maintained from potato dextrose agar plate (PDA) at 28 °C. Suspension
containing 1x10° spores/mL was washed from the PDA plate with sterile 0.05%
(v/v) Tween 80 solution and used to inoculate 100 mL of glucose-yeast extract
medium (Table 15, pH=7.0) in a 500 mL baffled shake flask. The spores were
grown at 28 °C for 24 h with shaking frequence of 180 rpm, shaking orbital of
50 mm (Kuhner LS-X, Germany).

Table 15 Glucose-yeast extract medium.

Component Concentration
Glucose 10.0 g/L
Yeast extract 10.0 g/L
(NH4)2S04 1.4 g/L
KH2PO4 2.0 g/L
CaClz 0.4 g/lL

MgSO4 0.3 g/L

63



Materials and Methods

0.5 g/L FeSOg4* 1 mL/L
3.7 g/L CoCl2* 1 mL/L
1.6 g/L MnSO4* 1 mL/L
1.4 g/L ZnSO4* 1 mL/L

*. Autoclaved separately and added into medium before use.

The myceliums obtained afterward were harvest by centrifugation and
washed twice by sterile demineralized water before changing to inducing
medium. For induction, lactose-yeast extract medium (substitute lactose for
glucose in glucose-yeast extract medium, pH=7.0) was used and incubated for
48 h under 28 °C on a shaker at 180 rpm (shaking orbital 50 mm, Kuhner LS-

X, Germany).
2.4.1.2 Total RNA isolation and cDNA synthesis of T. reesei

The myceliums harvested after induction were freeze dried and saved at -80 °C
until total RNA isolation. The RNA isolation and cDNA synthesis were carried
out as described in section 2.1.1 and 2.1.2. The cDNA produced was kept in -

80 °C until use.
2.4.1.3 Gene amplification of B-1,3-glucanase from T. reesei

Primers were designed specifically to amplify the B-1,3-glucanase enzyme

genes (Table 16). The fragment of Kex2 processing site (5" -AAAAGA-3") for

secretion signal a-factor cleavage downstream of Xho | site was added into the
5  end of forward primers. Sal | was used instead when amplified gene

containing Xho | cleavage site. Meanwhile gene of purification tag (Hexa-
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histidine) and stop codon followed by restriction cleavage site Not | were

designed at the 3" end of reverse primers.

B-1,3-glucanase enzyme genes from T. reesei were amplified by PCR using
cDNA as template. The products were analyzed by agarose gel electrophoresis
and fragments with the right size were cut and cleaned up before ligated into
the pJET 1.2/blunt Cloning Vector (Thermo Scientific, USA) according to the
standard procedure provided, then transformed into E. coli DH5a (Procedures
see section 2.1). Recombinant vectors were screened by restriction
endonuclease digestion and the positive ones containing right size insertion

were used for recombinant expression vector construction.
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Table 16 Primers for gene amplification from T. reesei.

Enzyme Primer -
Sequence 5'-3
TrGH16 P.p45305ForwSal  GTCGAC AAAAGATGGGCACCTCCGTCCTATG
EGR45305.1
P.p45305Rev GCGGCCGC TTAGTGATGATGATGGTGATGGGTAGAGTACTGGGCAACGTAG
TrGH55 P.p47521Forw TATA CTCGAG AAAAGAACGCCCACCCCG
EGR47521.1
P.p47521Rev GCGGCCGC CTAATGGTGATGATGATGATGGACGGTATAACGACCGACAT
TrGH64 P.p45483Forw CTCGAG AAAAGAGCCCCCTCTCTCATCACAAGAGTTGC
EGR 45483.1
P.p45483Rev GCGGCCGC TTAATGATGATGATGATGATGAGGAGGAGGCGCGCCGATG
TrGH81 P.p49603Frow CTCGAG AAAAGACTGCCCAATGGCGCAAA
EGR49603.1
P.p49603Rev GCGGCCGC CTAGTGGTGATGATGATGATGCGACTGGACAAACTTGAACC
TrGH17 P.p46171Forw TTTG CTCGAG AAAAGACAGAACAACTACCTCGGCTTCAAC
EGR46171.1

P.p46171Rev

AAA GCGGCCGC TTAGTGATGGTGATGGTGATGGGTGGCGGTGGGCTTG
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2.4.1.4 Gene amplification of B-1,3-glucanase from P. pastoris

For obtaining gene of one exo-B-1,3-glucanase from P. pastoris GS115, the
intronless gene was cloned by PCR-based strategy using genomic DNA as
template (section 2.4.1.7). The specific primer designing (In Table 17), and

gene amplification were conducted the same as described in section 2.4.1.3.

Table 17 Primers for exo-B-1,3-glucanase gene amplification from P. patoris.

Enzyme Primer Sequence 5'-3’

P.p69081Forw  CCGGCTCGAG AAAAGATACTCCAGT

PpGHS5 GAAAAAATCATGGG

CAY69081.1
P.p69081Rev  ATTGCGGCCGCTTAGTGATGGTGATGG

TGATGGAACCCACATTGATTTGGATA

2.4.2 Expression vector construction

The secretory expression vector pAaHBgl (collected by our group; Fig.21) was
selected for recombinant vector construction. The Kex2 processing site for
secretion signal a-factor cleavage was added into forward primers upstream of
the gene of interest, furthermore the purification tag (Hexa-histidine) and stop
codon were added by the end of reverse primers. The gene insertion was
performed between restriction cleavage sites Xho | (Sal | was used when the
gene contains Xho | site) and Not |. Constructed expression vectors were
transformed into E.coli DH5a and colonies appeared on the selective agar plate
were cultivated in order to proof correct clones via plasmid isolation. All related

manipulations are described in section 2.1.
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Kex2 processing signal .
Gene of interest

LEKRIXX

. ATCT AAARGA o pAa Bgl
Xhol Notl
Not1(7349) /
Xho 107336) Promoter:
AlphaF SP (Invitrogen) A-> AOX1

Hin dII1 (7024)
P Aox1
Sacl(6360)

Aox1 TT
P ARG4
Nde 1(598)

Secretion Signal:
a = alpha factor

Bgl11(6153)

ble (ApR) pAatEg] ___His4 R
7359bp
Restriction site:

Bgl > Bglll
Sph > Sphl
Swa - Swal

Ori PMB1 Mutant / Xba 1(3074)

Bgl11(4161) Pst1(3136)
3' UTR Aox1 ARG4TT

Fig.21 Map of P. pastoris expression vector pAaHBgl (Ahmad et al. 2014).

2.4.3 Transformation of recombinant P. pastoris

The constructed expression vectors were linearized at two Bgl Il sites (bases
6153 and 4161 in Fig.21) located upstream of AOX1 promoter and downstream
of 3’ UTR AOX1. The long fragment with a length of about 8 kb was isolated
and cleaned up before concentrating with Vacuubrand® vacuum system

(Sigma-Aldrich, USA).

Exceptionally, when the gene of interest contains Bgl Il site, the DNA
fragment between two Bgl I site (bases 6153 and 4161 in Fig.21) was amplified
by PCR using primers given in Table 18. The amplification product was cleaned

up directly after PCR reaction.
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Table 18 Primers for P. patoris transformation.

Primer Sequence 5-3'

pAaHBgl-PAOX1-Forw  ATCTAACATCCAAAGACGAAAGGTTGAATGA

pAaHBgl-UTRAOX1-Rev TCTTGAGATAAATTTCACGTTTAAAATCAGCGTA
CcC

Transformation of P. pastoris was carried out by electroporation. The protocol
in detail was described in section 2.1.10. Recombinant P. patoris were
screened for recombinant enzyme expression by SDS-PAGE and enzyme

activity assay.
2.4.4 Recombinant protein expression in P. pastoris

2.4.4.1 Recombinant expression in 24 square-well plate

For selecting the positive expression recombinant, the pilot expression was
performed involving picking colonies from selective plates, cultivation in a small
scale culture, methanol inducing, SDS-PAGE and enzyme activity assay. For
small scale expression, the 24 square-well plate (HJ-bioanalytik, Germany) was

used following the procedure below.

1. A single colony was picked from selective agar plate, and used to
inoculate 5 mL YPD medium in one well of the plate. Cultivation was
performed for 48 hours at 30 °C, 180 rpm, shaking orbital 20 mm (IKA-
KS 4000ic control, Germany);

2. Harvest the cells by centrifuging at 1500g for 5 minutes at 4 °C and
dispose the supernatant. Wash the cells with 5 mL BMMY medium twice,

then resuspend cell pelletin 3 mL BMMY medium for protein expression;
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Cultivate under the same conditions and add to each well 150 pL of 10%
(v/v) methanol to the final concentration of 0.5% every 24 hours;

Stop inducing after 120 hours. The cells and supernatant were separated
by centrifugation at 15009 for 5 minutes at 4 °C and stored at -20 °C.
Use the supernatant as crude sample for enzyme activity assay and

protein electrophoresis.

2.4.4.2 Recombinant expression in shake flask

Positive results from 2.4.4.1 were confirmed by expression in 250 mL baffled

flasks following the method below.

1.

100 pL of glycerol stork of positive results from 2.4.4.1 was used to
inoculate 5 mL of YPD in 24 square-well plate (HJ-bioanalytik, Germany),
and grow at 30 °C in a shaking incubator (180 rpm, shaking orbital 20
mm, IKA-KS 4000ic control, Germany) for 24 hours;

The 5 mL seed culture was mixed with 50 mL BMGY medium in a 250
mL baffled flask and grow at 30 °C in a shaking incubator (180 rpm,
shaking orbital 50 mm, Kuhner LS-X, Germany) for 24 hours;

Harvest the cells by centrifugation at 1,500g for 5 minutes at 4 °C, and
decant the supernatant. The cells were washed twice with 50 mL BMMY
medium, then resuspended in 50 mL BMMY medium for protein

expression;

100% methanol was added to a final concentration of 0.5% (v/v) every

24 hours until the inducting time reaches 120 hours;

Samples taken every 24 hours were centrifugated at 1,500g for 5
minutes at 4 °C. The cell pellet and supernatant were stored separately

in -20 °C.
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2.4.5 B-1,3-glucanase enzyme activity assay

2.4.5.1 Preparation of substrate

Alkali treated paramylon (2.0 g/L, pH=6.5) was prepared as described in section
2.3.4. The alkali treated paramylon could be stored for long period at 4 °C and

used as substrate for activity assay.

Laminarin was dissolved in 50 mmol/L sodium acetate buffer (pH=6.5) to a

final concentration of 2.0 g/L.
2.4.5.2 Activity assay of recombinant endo--1,3-glucanase

Glucanase hydrolyzes glucans to produce reducing sugars and reducing ends
with the presence of free carbonyl groups. These enzymes are commonly
assayed by quantifying the amount of the reducing groups during the assay.
For determining reducing groups in low concentration, a sensitive 3-methyl-2-
benzothiazolinone hydrazine (MBTH) assay was used (Anthon and Barrett
2002). This method was developed to measure aldehydes originally (Hauser
and Cummins 1964), and had been adapted to determine the quantification of
reducing sugars. It had been confirmed for the determination of
polygalacturonase activity (Anthon and Barrett 2002) and saccharification

assay (Gomez et al. 2010).

In this work, the highly sensitive MBTH method was optimized for standard

96-well microtiter plate with a final volume of 200 pL.

1. Prepare MBTH reagent by freshly mixing equal volumes of 0.43 g/L
MBTH and 0.14 g/L DL-dithiothreitol (DTT) before use. The MBTH and

DTT stock solutions should be stored at 4 °C;

2. Prepare oxidizing reagent solution containing 5.0 g/L NH4Fe(SOa4)2 *
12H20, 0.5 % (v/v) H2SO4 and 0.8 % (v/v) HCI. The oxidizing reagent
was stable at room temperature for at least one week;
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. Mix 90 puL enzyme sample with 90 pL substrate solution in 96 well micro
titer plate (BrandTech Scientific, Thermo Fisher Scientific, USA). The

mixture was incubated at 37 °C for 60 min afterwards;

. Prepare glucose standard samples with concentration from 0 to 500

pmol/L for standard curve;

. Pipet 25 pL of standard solution or sample into each well of the microtiter

plate;

. Add 25 pL of 1.0 mol/L NaOH solution followed by 50 uL MBTH reagent

in each well and mix thoroughly;

. Cover the multiwall plate by sealing tape and incubate at 80 °C for 20
min;

. Mix 100 pL oxidizing reagent to each well. The samples were cooled to
room temperature before determining the absorbance at 620 nm by
SpectraMax M Microplate Readers (Molecular Devices, USA).
Absorbance versus concentration of the standards were plotted to

construct the standard curve (Fig.22);

600
500 !
400 -
300
200 !

100

Reducing sugar equivalent
(Mmol/L)

0 0.2 0.4 0.6 0.8
A 620 nm (')
Fig.22 Standard curve of MBTH assay.

Fitting formula: y = 670.69x, R? = 0.9952
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9. Calculate the reducing suger equivalents released by glucanase
according to the standard sugar curve and convert the enzyme activity
in term of IU/L, where one unit of enzyme activity (IU) is defined as 1

pMmol of reducing sugar equivalent released in 1 min.
Enzyme activity = %x8 = 89.43x, (IU/L)

Where:
y=670.69%, pmol/L
x= absorbance at 620 nm
t= enzyme reaction duration, 60 min

8= dilution factor.

2.4.5.3 Activity assay of recombinant exo-B-1,3-glucanase

To determine exo-B-1,3-glucanase activity, the hydrolysis product glucose was
determined by D-glucose assay kit (R-Biopharm, Germany). D-glucose was
phosphorylated to D-glucose-phosphate (G-6-P) in the presence of the enzyme
hexokinase and adenpsine-5'-triphosphate (ATP) with the simultaneous
formation of adenosine-5’-diphosphate. In the presence of the enzyme glucose-
6-phosphate dehydrogenase, G-6-P was oxidized by nicotinamide-adenine
dinucleotide phosphate (NADP) to D-gluconate-6-phosphate with the formation
of reduced nicotinamide-adenine dinucleotide phosphate (NADPH). The
amount of NADPH formed in the rection was stoichiometric to the amount of D-
glucose. The increase in NADPH was measured by means of absorbance at
340 nm (Kunst et al. 1984). The experiments were conducted by the following

procedure.

In this work, the assay was optimized for 96-well quartz micro titer plate.
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. Mix 100 pL enzyme sample with 100 pL substrate solution and incubate
the mixture at 37 °C for 15 min;
. Terminating the reaction by inactivating the enzyme at 98 °C for 2 min;

. Determine the produced glucose by D-glucose assay Kit;

The assay reagents triethanolamine buffer (TAE buffer) and standard
solution were prepared according to the original procedure. Components
of reaction mixture were pipetted into quartz microtiter plate wells as

shown in Table 19.

Table 19 Components of glucose assay reaction.

Volume (uL)
Component
Blank Standard Sample
TAE buffer 80 80 80
Sample solution - - 8
Standard solution - 8 -
Water 160 152 152

Read the absorbance at 340 nm (A1) approximately 3 min after mixing.

HK/G6P-DH suspension 1.6 1.6 1.6

Read the absorbance at 340 nm (A2) approximately 15 min after mixing.
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. The concentration of glucose in the sample solution was calculated as:

c=—224 = 0.4794%A4, (moliL)

eXdXvx1000

Where:
¢ = glucose concentration in the sample solution, mol/L
v =0.2416 mL, assay volume
AA = (A2-Al) sample-(A2-Al) blank

€ = 6.3 L/(mmolxcm), molecular absorption coefficient of

NADPH at 340 nm
d = 0.1 cm, light path from well botton to liquid surface

v = 0.0008 ml, sample volume

mol

1000 = conversion from mmol to mol

mmol

. Convert exo-B-1,3-glucanase enzyme activity in term of IU/L, where one
unit of enzyme activity (IU) was defined as the amount of enzyme
required to liberate 1 pmol reducing sugar equivalent in 1 minute under

the assay condition;

cX

6
19" %2 = 6.392x10*XxAA4, (IU/L)

Enzyme activity = n

Where:

c = 0.4794xAA, mol/L (see step 4.)

t = 15 min, incubate duration
106 %z conversion from mol/L to pmol/L

2 = dilution factor.
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2.5 Cloning and expression of recombinant lytic

polysaccharide monooxygenase in P. pastoris
2.5.1 Strain and cultivation

2.5.1.1 Strain and cultivation

Trichoderma reesei QM6a and Aspergillus oryzae (ATCC® 42149™) were
grown on potato dextrose agar (PDA, BD, Germany) at 28 °C to obtain spores.
Spore suspensions were diluted to 1x10° spores/mL with sterile 0.05% (v/v)
Tween 80 solution and used to inoculate 100 mL pre-culivation medium
(pH=7.0, Table 20) in a 500 mL baffled shake flask. The pre-cultivation was
performed at 28 °C, 180 rpm, shaking orbital of 50 mm (Kuhner LS-X, Germany)

for 24 hours.

Biomass obtained from pre-cultivation was harvest by centrifugation at
10,000 g for 15 minutes at 4 °C and washed twice by sterile demineralized
water before changing to production medium. In production medium,
components were the same as in pre-cultivation medium, except paramylon
granule was used at the concentration of 2.5 g/L as the only carbon source

instead of glucose.

Table 20 Pre-cultivation medium for T. reesei and A. oryzae

Component Concentration
Glucose 10.0 g/L
(NH4)2S0a4 1.4 g/L
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KH2PO4 2.0 g/L
CaClz 0.4 g/lL
MgSOa4 0.3 g/L

0.5 g/L FeSOg4* 1.0 mL/L
3.7 g/L CoCl2* 1.0 mL/L
1.6 g/L MnSO4* 1.0 mL/L
1.4 g/L ZnSO4* 1.0 mL/L

*. Autoclaved separately and added into medium before use.

2.5.1.2 Enzyme activity assay of B-1,3-glucanase induced by paramylon

The supernatant was collected as crude enzyme by centrifugation at 10,000 g,
4 °C for 15 min. The activity assay of B-1,3-glucanase was conducted as
described in section 2.3.5.1, using alkali treated paramylon or laminarin as
substrate. Enzyme activity was estimated as hydrolysis rate by determining

reducing groups by DNS method.

2.5.2 Gene cloning and expression of LPMOs

Lytic polysaccharide mono-oxygenases (LPMOs) are a recently discovered
class of enzymes capable of oxidizing recalcitrant polysaccharides. LPMOs
from T. reesei and A.oryzae were selected and the genes were obtained for

heteroexpression in P. pastoris.
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Gene of TrAA9 (GeneBank: EGR52697.1) from T. reesei was cloned using
cDNA as template. Gene of AoAAll (GeneBank: BAE61530.1) was obtained
by PCR-based strategy using genomic DNA as template. The detailed

preparation of cONA and gnomic DNA are described in section 2.1.

Gene specific primers of LPMOs (See Table 21) were designed and PCR

amplification followed the same strategy as described in section 2.4.1.3.

Recombinant expression of LPMOs in the yeast P. pastoris were performed

following the B-1,3-glucanase expression described in section 2.4.3-2.4.5.

Table 21 Primers for LPMO gene amplification.

Enzyme Primer Sequence 5-3’

TrAA9 P.p52697Forw  CTCGAGAAAAGACATGGACATATTAAT

GACATTGTCATC
EGR52697.1

P p52697Rey GCGGCCGCTTAGTGATGATGATGGTG
ATGGTTAAGGCACTGGGCGTAG

A0AA11 P.p61530Forw T TCCCTCGAGAAAAGACACATGATGAT

GGCGCAGCCC
BAE61530.1

P.p61530Rev ATTGCGGCCGCTTAGTGGTGATGATG
GTGGTGGCAGGCCTGGCTGCCC

2.5.3 Synergistic action assay between LPMOs and B-1,3-
glucanase

The copper-dependent lytic polysaccharide monooxygenases (LPMOs) have

been shown to play a central role in oxidative degradation of cellulose. But
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determination of the activity of LPMO directly remains difficult, therefore the
strategy of detecting the soluble product after synergistic action of LMPO and
exo- or endo-B-1,3-glucanase was used. The synergistic degrading insoluble

paramylon were conducted as described below.

1. As the recombinant enzymes were secreted, the supernatants were
used as crude enzyme solution. These colutions were dialyzed against
50 mM sodium acetate (pH 6.5) by dialysis tubular membrane (MWCO
6000-8000, GE Healthcare, USA) for 4 hours at 4 °C followed by filtering

sterilization using 0.22 um filter (Millex-GP, Merck, Germany);
2. Crystalline paramylon granules were autoclaved and dried before use;

3. Enzymes were mixed in the ratio of 1:1 by volume and paramylon was

added to the final concentration of 1.0 g/L;

4. The mixtures were incubated at 37 °C with shakeing (30 rpm, shaking

orbital 50 mm, Kuhner LS-X, Germany) for 72 hours;

5. The supernatants were centrifuged using Vivaspins (MWCO 5000, Zellu
Trans Roth, Germany) at 5000 g for 5 minutes. The filtrate was collected

for total carbohydrate assay;

6. Phenol sulfuric acid method was used to assay for total carbohydrate in

the product.

Standard procedure of phenol sulfuric acid assay for 96 well mocrotiterplate

was performed as described below.

1. Pipet 50 uL sample or glucose standard solution (0-1.5 mmol/L) into 96
well micro titer plate (BrandTech Scientific, Thermo Fisher Scientific,
USA). Add 150 pL of 95% (v/v) sulphuric acid into each sample and mix
thoroughly;

2. Add 30 pL of 0.5 mol/L phenol into each sample and mix well;
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3. Incubate the plate at 90 °C for 5 min and measure the absorbance at
490 nm by SpectraMax M Microplate Readers (Molecular Devices, USA).
Absorbance versus concentration of the standards were plotted to

construct the standard curve (Fig.23);

1.75

15

1.25

0.75

0.5

0.25

Reducing sugar equivalent (mmol/L)

A 490 nm (')

Fig.23 Standard curve of phenol sulfuric acid assay.

Fitting formula: y = 0.4614x, R? = 0.9901

Reducing sugar equivalent = yxM = 83.13x (mg/L)
Where:
y = 0.4614x, mmol/L
x = absorbance at 490 nm

M = molar mass of glucose, 180.16 g/mol.
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3 Results and Discussion

In this chapter, results from three parts of this work were described and further
discussed. The first part (section 3.1) comprised of results from the
investigation and partial purification of B-1,3-glucanase from intracellular E.
gracilis proteins. The results of cloning and expression of recombinant (3-1,3-
glucanases formed the second part (section 3.2). In this part, four endo-f3-1,3-
glucanases (TrGH16, TrGH55, TrGH64, TrGH81) and two exo-3-1,3-glucanase
(TrGH17, PpGH5) were successfully expressed in P. pastoris, and their
activities toward alkali treated paramylon were confirmed. In the last part of this
work (section 3.3), results from trail of the newly discovered LPMOs
deconstructing paramylon granule were presented, including cloning and
expression of two LPMOs (TrAA9, AoAA1ll) in P. pastoris and their synergistic

actions with 3-1,3-glucanase on paramylon granule.

3.1 Investigation of B-1,3-glucanase(s) from
intracellular E. gracilis proteins

Paramylon acts as storage polysaccharide in E. gracilis, therefore, intracellular
enzymes should be expressed to deconstruct paramylon for autotrophic
nutrition. For this reason, E. gracilis intracellular proteins were extracted for
investigating the hydrolyzing ability on paramylon in this part. Following the
characterizations of enzyme action (section 3.1.1-3.1.6), results from protein
purification and gene amplification of paramylon degrading enzyme from

intracellular E. gracilis proteins were presented in sections 3.1.7 and 3.1.8.

3.1.1 Influence of substrate

The native paramylon granule is extremely resistant to enzymatic attacks. For

a proper pretreat which modifies paramylon more accessible, the native granule,
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2x lyophilized and alkali treated paramylon were prepared. These three
substrates at different concentrations (1.0, 2.5, 5.0 g/L) were hydrolyzed by 10
mg/L laminarinase (1,3-B-D-glucan glucanohydrolase, EC 3.2.1.39; dissolved
in 0.1 mol/L sodium acetate buffer, pH=6.0), and the conversions were

compared by reducing sugar equivalents as enzymatic hydrolysate.

m 1.0 g/L substrate
m 2.5 g/L substrate
L 5.0 g/L substrate

Reducing sugar equivalent (mmol/L)
H

0
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Fig.24 Influence of substrate on hydrolytic activity of laminarinase. 100 pL
10 mg/L laminarinase was incubated with 1 mL substrates respectively at
37 °C for 8 hours. The reducing sugar equivalents were measured by 3,5-

dinitrosalicylic acid (DNS) method (section 2.3.5.1).

Because of the high crystallinity (approaching 90%), the paramylon granules
were rather difficult to be hydrolyzed at all concentrations tested, the recalcitrant
physical structure blocked the interaction between enzyme and substrate
resulting no reducing power of the reaction mixture containing native granule

as substrate. By now there is no successful hydrolysis of native granules in vitro.
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In comparison, enzymatic hydrolysis became possible after pretreatment. Both
pretreated substrates showed increasing in conversion. By providing easier
access to substrate chain, which were previously hidden within the tightly
packed granule, pretreatment became essential for paramylon hydrolyzation.
The laminarin activities toward 2x lyophilized and alkali treated paramylon
calculated as reducing sugar equivalent were averagely 1.5 mmol/L and 1.3
mmol/L. The 2x lyophilized paramylon was easier for enzymatic hydrolysis than
alkali treated paramylon, and it presented in powder form making the
determination more accurately. However, 2x lyophilized paramylon was
prepared by two cycles of dialysis and freeze drying costing more than 96 hours.
Comparing to the time-consuming method, dilution and neutralization of
concentrated paramylon-gel dissolved in 0.5 mol/L KOH could be quickly
accomplished. When this preparation (alkali treated paramylon) was used as
substrate, an obvious high yield hydrolysate was observed. It demonstrated that
alkali treated paramylon was also a good substrate for enzyme hydrolysis.
Therefore, alkali treated paramylon was used as substrate for further

investigating in following sections.

3.1.2 Influence of intracellular protein  extract
concentration

To study the effect of E. gracilis intracellular extract concentration on the degree
of conversion towards alkali treated paramylon, concentrated extracts from a 7
days culture in 5, 10, 20 and 50 times were prepared in 0.1 mol/L sodium
acetate buffer (pH=6.0). These extracts were used as crude enzymes and
incubated with alkali treated paramylon (adjusted to pH=6.0) at 37 °C for 8
hours. Laminarinase (10 mg/L, dissolved in 0.1 mol/L sodium acetate buffer,

pH=6.0) and deionized water were used as controls.
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Fig.25 Influence of intracellular extract concentration on hydrolytic activity
towards alkali treated paramylon. 100 yL concentrated extracts (5-,10-,20-,
and 50-fold) from a 7 days culture were incubated with 1 mL, 1 g/L alkali
treated paramylon at 37 °C, pH=6.0, for 8 hours. As controls, 100 uL of 10
mg/L laminarinase and deionized water were used instead of intracellular
extracts. The reducing sugar equivalents were measured by 3,5-

dinitrosalicylic acid (DNS) method (section 2.3.5.1).

After incubation, enzymes in 50x extract showed stronger hydrolysis activity
comparing to lower concentrated extracts resulting a reducing sugar equivalent
of 1.94 mmol/L. And the 50x extract was the only crude enzyme sample
generated more reducing sugars than the positive control 10 mg/L laminarinase.
Relatively, extract at 5, 10, and 20 folds, contributed lower enzymatic degrading
power due to smaller quantity of enzymes. Laminarinase contained only endo-
B-1,3-glucanase which catalyzed the hydrolysis of internal 3-1,3 linkages in
paramylon, different from which, the cell-free extract contained various
paramylon degrading enzymes acting synergistically. The presence of active (-
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1,3-glucan exo-, endo-hydrolases was reported in Barras and Stone’s research
(Barras and Stone 1969). Additionally, other enzymes’ actions accelerated the
degradation of paramylon, for instance, phosphorylases which have been
characterized in E. gracilis were active toward short oligosaccharides released
from paramylon (Kitaoka et al. 2012). Enzymes acted synergistically utilizing
paramylon as energy source for cell growth and demonstrated combined

hydrolysis power in the extract.

3.1.3 Influence of extraction buffer pH

The influence of pH on activity of the hydrolases in E. gracilis was determined
with 50 times concentrated cell extract after 7 days cultivation. These extracts
and laminarinase solutions were prepared in 0.1 mol/L sodium acetate buffer
at different pH values (pH=6.0, 5.5, 5.0, 4.5) as crude enzymes and positive
controls. The samples were incubated with 2x lyophilized paramylon at 37 °C

for 8 hours and followed by reducing group measurement.

mpH 6.0
mpHS5.5

Reducing sugar equivalent (mmol/L)

Fig.26 Influence of pH on hydrolytic activity. 100 uL 50-fold concentrated

extracts at different pH values (6.0, 5.5, 5.0, 4.5) from a 7 days culture were
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incubated with 1 mL of 1 g/L 2x lyophilized paramylon at 37 °C for 8 hours.
As controls, 100 pL of 10 mg/L laminarinase and 0.1 mol/L sodium acetate
buffer were used instead of intracellular extracts. The reducing sugar
equivalents were measured by 3,5-dinitrosalicylic acid (DNS) method

(section 2.3.5.1).

The hydrolases from cell extract had optimal activity at pH 5.5, and
contributed a reducing sugar equivalent of 2.05 mmol/L. At pH 4.5,
laminarinanse generated 1.77 mmol/L hydrolysate, which indicated the highest
activity. It was reported that the intracellular extract contained both endo- and
exo-hydrolase, and an endo-B-1,3-glucanase from E. gracilis extract rapidly
reduced the viscosity of CM-pachyman at pH 5.2 (Barras and Stone 1969). In
this work, a significant increasing of reducing sugar equivalent after variation
from pH 6.0 to 5.5 and descending of hydrolase activity as the pH values
variation from pH 5.5 to 4.5 were oberserved. The highest activity at pH 5.5
suggested that the endo-hydrolase acted on internal glycosidic linkages of
paramylon making non-reducing chain ends available for attack by the exo-

hydrolase, and might achieve the highest synergy efficiency.

3.1.4 Influence of hydrolysis temperature

In addition to the optimal pH value, a temperature optimum was determined. In
comparison of 50 times concentrated extract at different temperature from 30

to 55 °C against alkali treated paramylon, the best result was achieved at 37 °C.
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Fig.27 Influence of hydrolysis temperature on hydrolytic activity. 1 mL of 1
g/L alkali treated paramylon (pH=5.5) with 100 pL of 50x extract prepared
from a 7-day-old culture in 0.1 mol/L sodium acetate buffer (pH=5.5) was
incubated for 8 hours at 30, 37, 45, 50, and 55 °C, followed by reducing
group measurement. As controls, 100 pL of 10 mg/L laminarinase and 0.1
mol/L sodium acetate buffer were used instead of intracellular extracts. The
reducing sugar equivalents were measured by 3,5-dinitrosalicylic acid (DNS)

method (section 2.3.5.1).

The optimum temperature found in this study was different from reported
researches. In works from Vogel and Barber, the optimum temperature of exo-
glucanase was 60 °C (Vogel and Barber 1968) and was further confirmed by
Barras and Stone that the exo-hydrolase retained most activity at 55 °C (Barras
and Stone 1969). The fundamental cause of this difference could lie in the
combination of different enzymes in paramylon degradation. The crude enzyme
had optimal activity at 37 °C, contributing a reducing sugar equivalent of 1.96

mmol/L, indicated the optimum temperature for paramylon hydrolases
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synergistic action in the extract. Results in Fig.27 showed that the laminarinase
was active over a broad temperature range and obtained the best at 45 °C. At
45 °C, laminarinanse generated 1.92 mmol/L hydrolysate, which indicated the

highest activity.

3.1.5 Influence of incubation duration

To analyze the effect of incubation duration on the degree of paramylon
degradation, the 50x extract was incubated with 1.0 g/L alkali treated
paramylon as substrate. Over a period of 16 hours, an aliquot was measured

every hour concerning the reducing group content.

Reducing sugar equivalent (mmol/L)

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Incubation time (h)

Fig.28 Influence of incubation duration on hydrolytic activity. 1 mL of 1 g/L
alkali treated paramylon (pH=5.5) with 100 pL of 50x extract prepared from
a 7-day-old culture in 0.1 mol/L sodium acetate buffer (pH=5.5) was
incubated for 8 hours at 37 °C for 16 hours with reducing sugar equivalent
measurement hourly by 3,5-dinitrosalicylic acid (DNS) method (section

2.3.5.1).
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Under the optimized conditions, the reducing sugar equivalent accumulated
continuously during the first 11 hours to 2.59 mmol/L. The amount of degrading
product kept in a steady increasing when the incubation time exceeded 11
hours. At 16 h when the experience stopped, the E. gracilis intracellular
hydrolases contributed a reducing sugar equivalent of 2.70 mmol/L. Similar
result was reported by by Barras and Stone that significant amount of reducing
sugars were released from untreated laminarin and dispersed paramylon in 12

hours, and continued tardily up to 24 hours (Barras and Stone 1969).

3.1.6 Influence of cultivation duration

The paramylon degrading enzymes were produced to deconstruct it when the
cells need to utilize the energy reserve as carbon source. Activity of E. gracilis
hydrolases from cell-free extract varied with the stage of growth. To invest the
hydrolase activities in different growth stage, extract samples were prepared
daily and incubated with 1 g/L alkali treated paramylon as substrate at 37 °C
for 16 h followed by reducing product assay. Residual glucose and dry cell

weight were also showed in the Fig.29.
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Fig.29 Influence of cultivation duration on hydrolytic activity. During

cultivation time of 14 days, samples were taken daily and produced a 50x%
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extract in 0.1 mol/L sodium acetate buffer (pH=5.5). 100 uL of the extraction
was incubated in 1 mL of 1 g/L alkali treated paramylon (pH 5,5) for 16 hours
at 37 °C and followed by reducing group assay. The reducing sugar
equivalents and residual glucose in the medium were measured by 3,5-
dinitrosalicylic acid (DNS) method (section 2.3.5.1). The dry cell weight was

measured by method in section 2.3.3.

Paramylon hydrolase activity increased sharply within the first 8 days of
cultivation, revealing the initiation of paramylon utilization. As glucose in
medium was consumed within 6 days, paramylon played a role as the only
energy storage in this carbon-deprived medium. The amount of reducing
product revealed that hydrolase activity in cell-free extract kept stable during
the last 6 days. Meanwhile, the dry cell weight decreased as paramlon was
degraded for metabolism. The similar result was found by Vogel and Barber
that the specific glucanase activity in early stationary phase was at least twice
as in the logarithmic growth phase whether calculated by protein content or cell
number (Vogel and Barber 1968). Indicated by the study of E. gracilis cultivation
time effect on hydrolase activity, a practical point that crude enzyme extract
should be prepared from a culture in late stationary phase after consumption of

the carbon source in the medium.
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3.1.7 Partial purification of E. gracilis intracellular proteins

50x extract of E. gracilis was prepared using 12 day-old culture by the method
described in section 2.3.2. After centrifugation at 22,000g for 20 min, 50 mL
supernatant was precipitated at a final (NH4)2SOa4 concentration of 0-20, 20—60
and 60—80% saturation, respectively. Each precipitate was dialyzed against 20
mmol/L Tris-HCI buffer (pH=5.5) and adjusted to a volume of 50 mL by the
same buffer afterwards. Fraction of 20-60% (NH4)2SOa4 precipitate showed
activity towards alkali treated paramylon. Proteins obtained by (NH4)2SOa4
precipitation (20-60%) were partially purified by a weak anion exchange
chromatography. Fractions collected by stepwise elution were adjust to 50 mL
before determination of hydrolytic activity towards alkali treated paramylon.
This fraction exhibited high activity towards alkali treated paramylon was mixed
with 50 mL of buffer consisting 40 mmol/L Tris-HCI, 1.8 mol/L ammonium
sulfate to a total volume of 100 mL, and applied for hydrophobic
chromatography. Fractions collected by stepwise elution were dialyzed against
20 mmol/L Tris-HCI buffer (pH=5.5) and fraction eluted by 45-80% elution buffer
showed high hydrolytic activity. The results for the partial purification of

paramylon degrading enzyme were summarized in Table 22.

Table 22 Results of E. gracilis intracellular protein purification.

Step Protein (g)  Reducing sugar Specific reducing Yield Purification
equivalent * sugar equivalent ** (%) level
Extraction 11.0 2.47 0.23 100 1
Salt
2.6 1.85 0.71 74.9 3.1

precipitation
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IEC 1.4 0.77 0.55 31.2 2.4

HIC 0.15 0.14 0.93 5.7 4.0

*. Reducing sugar equivalent measured by DNS method (section 2.3.5.1),

mmol/L;

**: Reducing sugar equivalent /Total protein, mmol/(L-g).

As showed in table 21, the reducing sugars generated by unpurified extract
from alkali treated paramylon was 2.47 mmol/L. The results of section 3.1.6
suggest that reducing sugars contributed by 50x cell free extract at 12 d was
2.95 mmol/L. For protein purification, 50 mL E. gracilis extract was prepared.
While in section 3.1.6, the extraction volume was 1 mL using the same
ultrasonication. The decreasing in activity was probably caused by an
incomplete cell disruption. The first purification step, salt fractionation, led to an
increase in purity of 3 folds, and recovered almost 75% of all the target protein
in the original extract. After changing buffer by dialysis, the enzyme sample was
purified through an ion-exchange column. The purification level increased to
2.4 folds comparing with the original extract, whereas the yield fell to 31.2 %.
The followed hydrophobic chromatography resulted in a purification level of 4.0
folds, while recovering 5.7 % target protein form the extract. The SDS-PAGE

(Fig.30) showed that the number of bands decreased after each step.
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Fig.30 SDS-PAGE analysis of E.gracilis intracellular protein purification.
Lane M, PageRuler Prestained protein ladder (Part N0.26616, Thermo
scientific, USA); lane 1-5, proteins after partial purification. Lane 1: sell free
extraction; lane 2: salt precipitation; lane 3 and 4: IEC elution; lane 5: HIC

elution.

The electrophoresis revealed the significant reduction of protein components
after each purification step. As showing in Fig.30, Lane 5, elution from
hydrophobic chromatography consisted approximately 10 proteins, while
generated 0.14 mmol/L reducing product, providing an applicable protein

mixture for size exclusion chromatography.

As the last step of purification, the fraction with target activity collected from
the hydrophobic chromatography was concentrated by viva-spin before
applying a size exclusion chromatography. Fractions were collected by the size
of 1.0 mL at the flow rate of 1.0 mL/min of 20 mmol/L Tris-HCI buffer (pH=5.5)
for enzyme activity assay. 71 fractions from SEC were collected and their
activities responsible for paramylon degradation were analyzed. The results

were showed in the following Fig.31.
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Fig.31 Activity and protein assay of SEC fractions. 100 pL of the collected
fraction was incubated in 1 mL of 1 g/L alkali treated paramylon (pH 5,5) for
16 hours at 37 °C and followed by reducing sugar assay by 3,5-
dinitrosalicylic acid (DNS) method (section 2.3.5.1).

Fig.32 SDS-PAGE analysis of SEC fractions.

Lane M, PageRuler Prestained protein ladder (Part N0.26616, Thermo
scientific, USA); lane 1-7, SEC fractions.
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As showed in Fig.31, the pick of reducing sugar equivalent curve indicated
obviously that proteins in these fractions had paramylon degrading activities.
The seven fractions generating reducing sugar equivalent higher than 0.3
mmol/L were analyzed by SDS-PAGE. After Coomassie brilliant blue staining,
different bands were detected in each fraction as showing in Fig.32. Protein
bands in the active fraction obtained after separation by SDS-PAGE were sent
to central lab for protein analytic of the Ludwig Maxmilians university of Munich
and analyzed by liquid chromatography tandem mass spectrometry (LC-
MS/MS). For the protein C in Fig.32, a string of 16 amino acids
(NTDGSTDYGILQINSR) were found matching 1,4-3-N-acetylmuramidase (EC:
3.2.1.17) with 12% sequence coverage. This GH family 22 enzyme was
confirmed having hydrolytic activity against chitin, which was a insoluble long-
chain polymer of N-acetylglucosamine with high degree of polymerization (Aam

et al. 2010).

Until now, limited enzymes relating with paramylon degradation were
indentified. In 1969, an E.gracilis intracellular exo-1,3-glucanase was purified
and characterized (Barras and Stone 1969). And recently, an endo-(3-1,3-
glucanase from E.gracilis was indentified, which had a molecular weight of
about 40 kDa and showed maximum hydrolytic activity towards laminarin at pH
4.0-5.5, 60 °C after 1 h incubation or at 50 °C after 20 h incubation (Takeda et
al. 2015). The protein C in this work was purified for the first which might be

another enzyme related with paramylon degrading from E.gracilis.
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3.1.8 Trial of gene amplification of paramylon degrading
enzyme purified from intracellular E. gracilis proteins

cDNA of E. gracilis was synthesized using poly A primer and mRNA as template
according to the procedure showed in section 2.3.7. Amplification of the target
gene responsible for paramylon degradation protein was performed using
degenerate primer initiating from the 3’ end of cDNA and the adapter primer
from the 5’ end. For keeping a low degeneracy, four degenerate primers were
designed according to the same protein sequence (-GILQIN-) identified by LC-
MS/MS (section 2.3.7.2). However, no clear band was detected by
electrophoresis, demonstrating an unsuccessful trial of target gene

amplification.

Searching genes in organisms with no available genomic resources could be
a low success rate task. Degenerate PCR was one of the methods commonly
used for accomplishing this task, either using total genomic DNA or a cDNA
library as template. This technique had a low probability but high cost, and its
effectiveness depends on various factors. One direct influence might be the
guality of cDNA library. In this work, when the total RNA of E. gracilis was
isolated for cDNA synthesis, abundant polysaccharide, paramylon, remained in
the cell seriously impact the quality of isolated total RNA. The commercial RNA
isolation kit used in this work was based on an acid guanidinium thiocyanate-
phenol-chloroform extraction reagent firstly reported by Chomczynki and
Sacchi (Chomczynski and Sacchi 1987). This regent was widely used as lysis
buffer before the separation of RNA containing aqueous phase and subsequent
RNA precipitation. Polysaccharide in the aqueous phase could physically
entrap nucleic acids and entrained into discarded phase during centrifugation.
Meanwhile, olligosaccharide precipitate with RNA might interfere with
downstream applications (Dellacorte 1994). Both impacts caused by

polysaccharide could encumber and fail the subsequent amplification work.
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Another direct influence was the degenerate primers used in amplifying. In this
work, the limited known of the protein sequence restricted the primer designing.
In order to keep a low degeneracy, a pool of four degenerate primers for the
same site were designed. However, each of the primer had 288-fold
degeneracy, which was still a high one. Moreover, length of the part between
the identified peptide coding region and poly T tail in cDNA was unknown. All

the uncertainties could completely disrupt the PCR amplification.

Although more exploration need to be conducted before confirming protein C
(In Fig.32) be paramylon degrading related enzyme, the purification and
identification of protein C for the first time may open a new horizon for

paramylon depolymerizer searching for the future work.

3.2 Cloning and expression of recombinant B-1,3-
glucanase in P. pastoris

In this part, recombinant enzymes including four endo-B-1,3-glucanases
(TrGH16, TrGH55, TrGH64, TrGH81), one exo-B-1,3-glucanase (TrGH17) from
T. reesei and one exo-p-1,3-glucanase (PpGH5) from P. pastoris were cloned
and expressed in P. pastoris, Their activities on laminarin and alkali alkali
treated paramylon were confirmed by measuring hydrolysis products of

reducing groups and glucose, respectively.

3.2.1 Selection of B-1,3-glucanase

The Carbohydrate Active Enzymes database (CAZy) classified glycoside
hydrolases according to significant amino acid sequence similarity, reflecting
the functional and structural relationships between classification families
(Lombard et al. 2014). This is different to the International Union of
Biochemistry and Molecular Biology (IUBMB), by which the glycoside

hydrolases are grouped on their substrate specificity and occasionally
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molecular mechanism. Consequently, the B-1,3-glucanases could be placed in
different groups. For instance, the exo-B-1,3-glucanases (E.C.3.2.1.58) are
grouped in glycoside hydrolase (GH) families 3, 5, 17, 55 and 132, while the
endo-B-1,3-glucanases (E.C.3.2.1.39) are located in GH families 16, 17, 55, 64
and 81 (http://www.cazy.org/Glycoside-Hydrolases.html).

The filamentous fungus Trichoderma reesei attracted considerable attention
of the biofuel industry as a workhorse of plant cell wall degrader. The
components of plant cell wall polysaccharide were mainly cellulose,
hemicellulose and pectin, which were tightly packed and evolved the ability to
resist enzymatic attack from microbes (Brink and Vries 2011). T. reesei was
able to utilize these polysaccharides due to the strong ability of producing wide
range of extracellular hydrolytic enzymes. The increasing knowledge of T.
reesei genome sequence made it a suitable source for 3-1,3-glucan degrading

enzymes (Martinez et al. 2008).

In yeasts, glucan degrading enzymes were implicated in glucan metabolism
and involved in many processes, such as formation and release of ascospores
(Larriba et al. 1995), because of their regid cell walls mainly constructed by [3-
1,3-glucan and other polysaccharides (Jae 1997). Recombinant expression has
been conducted for producing B-1,3-glucanases from yeast strains like
Saccharomyces cerevisiae (Larriba et al. 1995) and P. pastoris (Xu et al. 2006).
In the following work, one gene coding for exo-B-1,3-glucanase from P. pastoris

was also selected for cloning and overexpression.

Selected B-1,3-glucanases for recombinant expression in this work were

showed in Table 23.
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Table 23 Selected 3-1,3-glucanases from T.reesei and P. pastpris.

Organism GenBank ID Enzyme GH family

T. reesei EGR45305.1 Endo-B-1,3-glucanase, 16
TrGH16

T. reesei EGR47521.1 Endo-B-1,3-glucanase, 55
TrGH55

T. reesei EGR45483.1 Endo-B-1,3-glucanase, 64
TrGH64

T. reesei EGR49603.1 Endo-B-1,3-glucanase, 81
TrGH81

T. reesei EGR46171.1 Exo-B-1,3-glucanase, 17
TrGH17

P. pastoris CAY69081.1 Exo-B-1,3-glucanase, 5

PpGH5
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3.2.2 Cloning and expression of TrGH16 (EGR45305.1)

Nucleotide and amino acid sequences of TrGH16 are shown in Fig.33. The
open reading frame had a size of 864 bp terminated by TAA stop codon, which
corresponds to a translation product with 287 amino acids. Predicting by
SignalP 3.0, a N-terminal signal peptide existed and the cleavage site lay
between residues 19 (a) and 20 (w). No propetide cleavage site was predicted

by ProP1.0 Server in downstream of the signal peptide.

1 atgtggtctc ccaaqqttqc cgccgecatc ctegoctttg ttggectctc caacgcctgg gcacctccgt cctatggcgyg cttcaacctg gtctggaacg acgccttegce gggcaacggec ggcacgtctc
m w s _p 'v':x:xa',,af;(;,sl"n‘ app syg gfnl vwn daf agng gt s

131 ccaacacagg caactggaac atcatcaccg gcaacctcaa cgtcaacaac gagctcgaga cgtactcgtc cagcaccaag aacgtgcage tgageggtgg caacaccctg cagctggtgce cctggaagga
pnt ¢gnwn iit ¢gnl nvnn e 1le tys s st k nvag lsg gntl galwv pwk

261 cagcagcacc tttggeggct ggacctctgg cegectcgag tccaagtaca cottcaccce ccaggecgge aaggtgacee gegecgagge ctecatccge atgggeagea acgoccaggc caacaageaq
d s st fgg wts grle s ky tft pgag kvt rae asir mgs nag amnkag

391 ggcatctgge CCgCCttety gatgetggye gacgtgetge gtcacggcgy cagetggece agetygcggey agatcgacat cotcgageag gtcaacggec agoccCacygg ccacggeace ctccactgeg
giw paf wmlg dv1l rhg gswp s cg e1d i1 e g ving gp¢t ghagt 1hc

521 acgtctaccc cggcggcatc tgcaacgagg gcaacggcat tggcggcccc gtcaacttca acaaccccaa cgacttccac acctgchcq thaqattqa ccgcacgtce aacaactggc agaccgagac
d vy pggili e¢ne gng iggp vnf nnp ndfh tw e i dr t s nnw gt e

651 cctqacttqq tcccthacq gcaccaactt cttccagatc actggttccc gcatcggcaa ccagaacgtc tggaacaaca ttgcccacag ccccctqttc ttcatcctca acgttgctgt tggtggcage
t t 1d gtn f fgi tgs rig nagmnw wnmn 1 ah pl f £ i1l nva v ggs

781 tggcccggea accccaacag cgetacectc gatggetatg gogecatgat ggaggttgge tacgttgece agtactctac ctaa
W pg npn satl dgy ¢gammevgyg ¥yVa gy s t

Fig.33 Nucleotide sequence and amino acid sequence of TrGH16.

In amino acid sequence, the putative signal peptide was boxed.

By aligning amino acid sequence of TrGH16 with available protein sequences
from the GenBank database, it had high identity of 34% with the endo-3-1,3-
glucanase from Streptomyces sioyaensis (GenBank: AAF31438.1) (Hong et al.
2002). Additionally, TrGH16 was identical to enzymes belonging to Glycoside
Hydrolase Family 16 including the putative catalytic residues (Glu, Asp and Glu)
and jelly roll fold related active sites (Mertz et al. 2009) as showing in Fig.34.
Within the GH16 family, two conserved glutamates in the pattern EXDX(X)E
played the role of the catalytic domain (Viladot et al. 1998), and catalyzed the
glycosylic hydrolysis reaction in a retaining mechanism. At active site, the “R1”
glutamate residue acted as a nucleophile to attack the C1 atom of the sugar

ring to promote the cleavage of 3-1,3-linkage in the absence of water molecules.
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The “R2” glutamate residue served as the acid to receive the electron and then
transfer it back to adjacent water molecule to attack the same C1 atom to

complete the hydrolysis (Jeng et al. 2011).

EGR45305 1 MwSPKVAAATLAFVGLSNAWAPPSYGGFNLVWNDAFAGNggtSPNTG-NWNIITGNL -NVNNELETYSSSTK- 7@

AAF31438 1 [33]L----AAAVATAATGPADASAPAPPSGWSQVFLDDFDGAagsSVNTA-NWQFDTGTS[ 6 JNWGTGEVESMTSSTS- 106
BAE©2683 1 M-R----- WIACCLVST-----~-~ ALAGVIWQEDFNSL----- DTS-KWNFETGNN[1]GWGNSELECYTTSSN- 54

ACDS93221 1 M-NAFTFPLLLAFCAFAH------- GAWVLDWEDEFNGG----- NLAJRWNFELGCN  GWGNNELQCYTDNRGa 60

BAH84971 1 [17]VAGVFTIPA------- ASSLSPRLYRRGNTVFEDSFNSH---QLNPK-HWHHEITCW  GGGNGEFQMYTPEAA- 78

EGR45305 71  NVQLSgGNTLQLVPWKDS----- S TFGGWTSGRL -ESKYTFTPQAGKVtraEASIRMGSNAGanKQGIWPAFWMLG 140
AAF31438 107 NVSLDgNGDLLITPRRDA------ -SGNWTSGRIeTTRTDFQPPAGGK1rvEARLQMPNVTgdaAAGYWPAFWMLG 175
BAEG2683 55 NVRVE-NGNLVIEARRE----NVD -GCSFTSGRI-HTRGKFDFKYGTI---EARIKLPNLA----NGLWPAFWMLG 116
ACD93221 61  NARQE-DGKLVISAVREWwgdGVN PDKEFTSARM-TT - -KANWLHGKF - - -EMRARLPK -G- - - -KHLWPAFWMMP 124
BAH84971 79  NTYIK-NGVLYLKPTFTAdkfGDD[29]QIPPIMSSKV---FSVASITHGRV---EVVAKIPK----- GDWIWPAIWLLP 171

R1R2 R3

EGR45305 141 DVLR~HGGS&PSCG§I§IL¥QV -NGQPTGHGTLHCDVYP- - -GGICNEGNGIGGPV- - -NFNNPNDFHTWRVE[7] 212
AAF31438 176 APFRgNYQNWPGVGELDIMENV -QGLNKTWATMHCGTSP- - -GGPCNETSGIGNLTacpNTTCHSGLHTYTME[5] 249
BAE02683 117 ---A-ESNTWPDQGEMDIMEAG[ 7]GNVNKEILGTFHWS----nnGQHAQYGTNYVAPN---DLTT--DFHVYKLT 183
ACD93221 125 QN-S-EYGGWPRSGEIDITEYR GQRPQQILGTLHFGAAPdnkGDVGTGERDF - -PI---DFSA--DFHTFGLD 188
BAH84971 172 PGWPWKYGAWPASGEIDIMESR[11]TQGVDRVLSTIHYGASP---SQHRQQGDSKTSKT---GTTWADSFHTYSVD 249
EGR45305 213 WQTETLTWSLDGTNFFQITGSRIGNQNVWN-- NIAHSPLFFILNVAVG---GSWPGNPN---SATLDGYGAM-MEV 279
AAF31438 250 -SPEAIRFSVDGVTYQTVTANHMDAVTWTNAT - --NHGFFVILNVAMG- - -GGFPGAFG- -GGPTGATEPGHpMVV 316
BAE©2683 184 WSQSEIKMFIDDIQYMVFDITPL--------- PVFQKNFYVLLNLAVG- - -GNFPNIH--DAGAVTAPLPGQ-MLV 244

ACD93221 189 WSPDSMQWLLDDQVYHTESLQRNFWDGVYNQN[ 1]SPFDKNFFIILNLAVG---GNFFGGEPTDPSESDGWAKNT-FEV 261
BAH84971 250 WTAGHIRMDIDNQPVMAWTTPSQGYWSYSHQS[11]APFDGKMSLILNVAVGatnGYFQDSWHNTPHAKPWKNNSPtAMM 336

EGRA5305 280 GYVAQ YST- 287
AAF31438 317 DYVQV[115]WQSW[38] 478
BAE@2683 245 DYIKV TQ-- 251
ACD93221 262 EYVKK WTWN 270
BAH84971 337 DFWKS KQQW[21] 366

Fig.34 Alignment of the TrGH16 sequence.
EGR45305: TrGH16 from T. reesei;
AAF31438: endo-B-1,3-glucanase from Streptomyces sioyaensis;
BAE02683: endo-B-1,3-glucanase from Bursaphelenchus xylophilus;
ACD93221: endo-B-1,3-glucanase from Cryptopygus antarcticus;
BAHB84971: endo-B-1,3-glucanase from Haliotis discus hannai.

Strictly conserved residues were high-lighted in red, residues predicted as
jelly roll fold related active sites were high-lighted with blue background,
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conserved catalytic residues Glu (R1), Asp (R2) and Glu (R3) were marked
with “#”.

As described in the method (section 2.4.1.3), the enzyme gene was cloned
by a PCR-based strategy using cDNA as template. A PCR product of 845 bp
was obtained (see Fig.35A, Lane 4) containing 825 nucleotide ORF with TAA
as stop codon, which encoding 274 amino acids of mature TrGH16 with a
predicted molecular mass of 29.84 kDa. The bright band shown in Fig.35A,

Lane 4 was ligated into pJET 1.2 cloning vector for further plasmid construction.

A

Fig.35 Agarose gel analysis of gene application and plasmid construction.

A: Analysis of PCR products from cDNA of T. reesei. Lane 1. Gene of
TrGH55a (EGR 47521.1, 2223 bp); lane 2: Gene of TrGH55b (EGR 48699.1,
2259 bp); lane 3: Gene of glucanase (EGR 47490.1, 798 bp, no further study
in this work); lane 4: Gene of TrGH16 (EGR 45305.1, 845 bp); lane 5: Gene
of TrGH64 (EGR 45483.1, 1316 bp); lane 6: Gene of TrGH81 (EGR 49603.1,
2576 bp); M: 1 kb DNA ladder (Plasmid Factory, Germany).

B: Recombinant vector screening by restriction endonucleases. M: 1 kb DNA
ladder (Plasmid Factory, Germany); lane 1 to 4, results of four recombinant

pAaHBgl-TrGH16 vectors digested by Hind 11l and Not I.
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As in the gene sequence of TrGH16 contained the restriction site of Xho |
(CATCGAG), the endonuclease of its isocaudomer Sal | (GATCGAC) was
introduced instead for constructing. Consequently, after the fragment being
inserted into the vector pAaHBgl between sites of Xho | and Not I, the
recombinant vector could not be linearized by either Sal | or Xho I. Restriction
nuclease Hind Il site existed in the recombinant vector, locating at 312 bp
upstream of the replaced Xho I. Two fragments from the reconstructed
expressing vector pAaHBgl with the sizes of 7047 bp and 1157 bp should be
produced after cleavage with Not | when the gene of interested was inserted
correctly. As shown in Fig.35B, lane 1 to 4, one band about 1200 bp and one
band with the size between 8000 and 6000 bp were generated. The faint bands

about 10 kb represented uncut plasmid.

The recombinant vector represented by Fig.35B, lane 1 was named as
pAaHBgl-TrGH16 and selected as expression vector for transformation into P.
pastoris GS115. The transformation was performed by the method described
in section 2.4.3. Colonies appeared on the RDB agar plate were cultivated in
small scale using 24 square-well plate for protein expression. After methanol
induction for 120 hours, supernatants were analyzed by SDS-PAGE and MBTH
assay toward laminarin as well as alkali treated paramylon respectively. Fig.36
revealed the results of SDS-PAGE analysis of secreted proteins from six
recombinant P. pastoris GS115 transformants after methanol induction. In lane
5 and 6, the secreted TrGH16 displayed apparent molecular mass about 35
kDa (highlighted by red line), which was higher than the theoretical mass of
29.84 kDa due to glycosylation predicted by NetNGlyc 1.0 Server.
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Fig.36 SDS-PAGE analysis secreting expression of recombinant TrGH16.

Lane M, PageRuler Prestained protein ladder (Part No.26616, Thermo
scientific, USA); lane 1-6, 15 pL culture supernatant of recombinant P.
pastoris GS115 after methanol induction for 120 hours in small scale using

24 square-well plate (section 2.4.4.1).

To investigate the enzyme activity, laminarin and alkali treated paramylon
cleavage assays were performed. The reducing groups generated by endo-§-
1,3-glucanase TrGH16 were determined using MBTH method (section 2.4.5.2).
One unit of enzyme activity (IU) was defined as 1 umol of reducing sugar
equivalent released in 1 min. As shown in Fig.37, enzyme activities of sample
5 and 6 (corresponding to lane 5 and 6 in Fig.36) were obviously higher. When
alkali treated paramylon was used as substrate, enzyme activities of sample 5
and 6 were 46.6 and 22.9 IU/L respectively. While acting against laminarin, their
activities were 49.4 and 38.3 IU/L. This phenomenon was also observed in
other recombinant enzymes in the following work, as the better dissolved
laminarin making substrate approaching much easier comparing to the alkali

treated paramylon. The other samples had activities lower than 5.0 IU/L toward

both substrates.
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60

m Alkali treated paramylon

® Laminarin

Enzyme activity (IU/L)

1 2 3 4 5 6
Sample

Fig.37 Enzyme activity assay from culture supernatants of selected
transformants (TrGH16). Supernatants of selected recombinant P. pastoris
GS115 transformants after methanol induction in small scale using 24
square-well plate (section 2.4.4.1) were used as crude enzymes for endo-[3-
1,3-glucanase activity assay. 90 yuL enzyme sample was mixed with 90 uL
laminarin (2.0 g/L, pH=6.5, indicated by black column) and alkali treated
paramylon (2.0 g/L, pH=6.5, indicated by gray column), respectively, and
incubated at 37 °C for 60 min. Substrate preparation and enzyme activity

assay were described in section 2.4.5.

Results of SDS-PAGE and activity assay both indicated that the endo-B-1,3-
glucanase TrGH16 was expressed and secreted by transforms NO. 5 and 6.
The recombinant strain NO.5 was named as P. pastoris GS115-TrGH16 and
selected for protein expression. Recombinant TrGH16 expression was
conducted in 250 mL baffled flask as described in (section 2.4.4.2). Supernatant
collected in every 24 h after changing to BMMY medium was assayed for endo-

B-1,3-glucanase activity using laminarin and alkali treated paramylon as

substrate, respectively.
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Fig.38 Recombinant TrGH16 expression in P. pastoris. Supernatants of
selected recombinant P. pastoris GS115 transformants after methanol
induction using 24 shake flask (section 2.4.4.2) were used as crude enzymes
for endo-B-1,3-glucanase activity assay. 90 uL enzyme sample was mixed
with 90 pL laminarin (2.0 g/L, pH=6.5) and alkali treated paramylon (2.0 g/L,
pH=6.5), respectively, and incubated at 37 °C for 60 min. Substrate

preparation and enzyme activity assay were described in section 2.4.5.

Cells were harvested and changed to BMMY medium for methanol induction
after precultivation in shake flask (methord in section 2.4.4.2). In this way, no
activity was detected at the time point of O h. The enzyme activity was firstly
measured after 24 hours and increased along the inducting time. In general,
recombinant TrGH16 maintained higher activity when acting on laminarin, as
paramylon existed in the state of colloidal form, providing less free
polysaccharide chains for the enzyme. When acting on alkali treated paramylon,
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recombinant TrGH16 activity increased rapidly from 6.4 IU/L to 39.1 IU/L, in the
second 24 hours of induction, due to the efficient secretion revealed by protein
concentration in the supernatant. From time point 72 to 120 h, concentration of
total protein kept stable relatively and the increasing of enzyme activity slowed
down, achieving the highest activity of 57.8 IU/L after inducing for 120 h. The
data suggested that trend of enzyme activity increasement identically when
using laminarin as substrate, and represented higher activities. At time point of
120 h, recombinant TrGH16 showed the highest activity of 77.0 IU/L with 0.26

g/L protein in the supernatant.

Revealed by the results above, a putative endo-B-1,3-glucanase TrGH16
was successfully cloned and expressed by recombinant P. pastoris using a-
factor as leading signal. The glycosylic hydrolase domain of this enzyme
contained a conserved EXDX(X)E motif of GH16 members, and the catalytic
importance of this conserved motif has been reported by mutational analyses
of laminarinase (Krah et al. 1998). Even when the supernatant was used
directly as crude enzyme, it efficiently catalysed the hydrolysis of both
substrates in this work. In comparison to alkali treated paramylon, larminarin
was hydrolysed at a relatively higher rate. Although the genes encoding endo-
B-1,3-glucanase in GH 16 have been studied from a variety of hosts for decades,
this work expressed TrGH16 (GenBank: EGR45305.1) in P. pastoris for the first

time and confirmed its activity towards the unique substrate paramylon.
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3.2.3 Cloning and expression of TrGH55 (EGR47521.1)

The gene of TrGH55a had an open reading frame of 2277 bp coding for 759
amino acid sequence (Fig.39). Predicting by SignalP 3.0, a N-terminal signal
peptide of 17 residues existed and the cleavage site lay between positions 17
(@) and 18 (t). Additionally, the processing site for Kex2 (Lys-Arg) lay at
positions 33-34, which would cleave the proprotein after preproprotein entering

the secretory pathway leading by the signal peptide.

1 atgttgaagc tcacaaccat cttcacgctc ctgctggggg cggcatctgc cacgcccacc ccgagccctg ccgccaacga tgagggcatc accaagcgtg ccaccagett ctggtacccc aacatggacce
\r‘\;k;tt;ft;;;gaasa\tptpspaatc‘ag:tkz'atsf'-:ypr:nc‘

131 acgtcaacgc tccccgegge ttcgeccctg acctcgatgg caacttcaac tatcaggtct accagaccgt caacccggga gacggagctg ctctgcagcg agccattacc agcgatggca geggctcgeg
vn aprg fap d1d gnfn ygqgv ygt vnpg dga alg rai¢t s dg 5 g s

261 ccattcccag tggttcgcat cgcagccaag agtcgtgtac atcccgcecy gaacatacac tctctegeag acgctgegat tcaacaccga caccgtgttg atgggegaty ccaccaacce geccatcatc
rh sq wifa s gqgp rvvy ipp gty tlsqg tlr £fnt d¢twv1l mgd atmn popii
391 aaggccgceg coggcttcte gggcgaccag atcetcgtca geggecagga cccaaccace aacgaaaagg gggagetgtc ctttgocgtg tccctcaaga acgtcatcct cgacacgace gecatccceg
k a a a g f s gdg 11 v s gg dp¢tt nek gel s fawv s 1%k nvidi 1 d¢t¢t aiop
521 gecggeaacca gttcaccgee ctctggtggy gagtcgecca ggocgctcag ctgcagaacy tcaagatcac catggettce tcccagaacg gcaacggtca cacgggcatc cggatgggec geggetcgac
ggn g fta 1l ww gva gaag lgn viki tmas s gn gng htgil rmg r g s
651 gctcggecta gocgacgtce gegtcgageg tggecagaat ggcatctggg tcgacggoca ccagcagget gocttecaca acatctactt cttecagaac accgtcggea tgctcatcag cggoggeaac
t 1 gl adv r ve rgagmn giw vdg hgagqa afh niy £ £fgn twvg mldi s g gn

781 acctttagca tcttctcgtc cacgtttgac acgtgcggaa cgggcatttc caacacggge ggtgctcctt ggatcgecct ggtagacgec aagtctatca attccggggt tacgtttacg acgacgggat
t fs i fs st fd tcg tgdl s ntg gawp wia 1lvda ks i nsg vt ft ttg

911 ttccttectt cttgatcgag aacctgacca aggatacgac gtcteccgtc gttattgete gtggatcaac tctggttggg gettccactc acatcgacac gtattccttt ggaasatacgg ttgggagaaa
p s f£f11ie nl¢t k¥d¢t tspv via rgs tlvg ast hid tys £ gnt v gr

1041 ccecatetac ggegaggtga gatctcaaaa cacgagacct ggtgetctqg cccctggtgyg gagatatceca tatgtccege cgecgacata cgocgatgtc cocgtctcty gettcttgaa cgtcaaggac
npiy gev rsqg ntrp gal apg gryp y¥yvp ppt yvyadv pvs g1l nvykd d

1171 ccagcgeaga acggaaacag agtcgtcaag ggggacaaca ccgtcgacga agcagecacqg ctgaatgeca tcctggeect cgecgocage cagaacaaga ttgoctactt cccctttgga aagtatoggg
P ag ngn rvvyk gdn tvd eaat 1l na i1a 1l aas gntk iay fpfg ky

1301 tecgacagcac gctctttatt cctceggggt cccgeatcgt gggegaggee tggtcaacca tcaccggeaa cggecagtte ttcaagaacg agaacagecC geageccgtc gttgecgteg gecggeecgg
vds tlfdi ppg s ri v gea ws t itg nggqf f kn ens pgpyvVv VvV av gorIrp
1431 ggacgtcgge gtegeacaga tccaggacat gegettcace gtttccgacg ttctecccgg cgecategte atgeagttca acatggecgg ccgeaaccca ggegacgitgg
gdvg vag igdmrft vsd vlp gaiv mgf nma gzrnp gdv

ccctetggaa ctegetegte
a 1 w n 1 v

s 1L v

g a 1
1561 accgtgggcg goacgcgegy tgcttccgee ctgaccaacy cctgtacgaa cccgggoaac gagtgeaagy gegegttcct gggeatccac atcaccaaga actcgtcgge gtacatccag aacgtctgga
t v g g t r g a s a 1 t n a ¢ t n pgan e ¢ k g a £ 1l g i h it k n s s a y i g n v ow

1691 actgggtggc ggaccacatc gccgagagct tcggcggegyg ctcctccatc geccggcaagg goggogtgct ggtcgagage tccaaggega cgtggctgta cgegcetggge agcgagcact ggtggetgta
nwv adhi aes fgg gs s i agk ggv 1Lvews s ka twl yalg seh wwl
1821 ccagctcaac ctgcgcaacg ccaacaacgt cgtcgtctcc atgctccagt ccgagaccaa ctacgagcag ggcgccaacg cgcagcaggt cgtgcccgec ccctgggtcg ccaacgtgga cgcoctgggge
vagln 1l rn ann vvvs mlg set nyeg gamn ageaq vvVYvpa pwyvy anv dauwg
1951 gatcccaact tttcgtggtg cagcggcggc gacaagcggt gcaggatggg ctttggcaac tacatcaatg ggggatccaa catttatacg tatgcctctg cttcgtggge gtttttcage gggcccggge
d pn fsw ¢ s5 gg d%kkr ¢crm gfgn yvin ggs niy¢t yas asw af f s gpg
2081 agggctgttc tcagtttcag tgccagcaaa ccatgeacty gattgocage acgcccagta atctccaage ctttggactg tgctccaagg actcggttaa cacgttgegg
qgc s q f g cgg tmh wias tps nlg afgl c¢cs k ds v ntlrcr

ctcggggacg gcacattaat
1 gd gt 1l

2211 caacacggce aacggcttca ctggetcgtg gecgggtgge ggtggtgatg tcggtcgtta taccgtctaa
inta ngf tgs wpgg ggd vger ytv -

Fig.39 Nucleotide sequence and amino acid sequence of TrGH55.

In the coding region, the putative signal peptide was boxed, and the

processing site for Kex2 endoprotease was indicated by arrow.

By aligning amino acid sequence with available protein sequences from the

GenBank database, the protein had 80% sequence identity to the characterized
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GH 55 enzyme from Trichoderma harzianum CECT 2413 naming Bgnl3.1
(GenBank: ACE81432.1).

EGR47521 1 MLKLTTIFTLLLGAASATPTPSPAANDEGITKRATSFWYPNMDHVNAPRGFAPDLDGNFNYQVYQTVNPGDGAALQRAIT 80
ACE81432 1 MLKLTALVALLLGAASATPTPSPPAS ITKRATSFYYPNMDHVNAPRGFAPDLDGDFNYPIYQTVNAGDGNALQNAIT 80

EGR47521 81 NTDTVLM 159

ACE81432 81 VYIPPGTYTISKTLRFNTDTILM 160
R3

EGR47521 160 239

ACE81432 161 240

EGR47521 240
ACE81432 241

TFTTTGFPSFLIENLTKDTTSP 319
VTFTTNQFPSFMIENLTKDNGTP 320

EGR47521 320 VVIARGSTLVGASTHIDTYSFGNTVGRNPIYGEVRSQNTRPGALAPGGRYPYVPPPTYADVPVSGFLNVKDPAQNGNRVV 399
ACE81432 321 VVVVRGSTLVGASSHVNTYSYGNTVGRNPTYGDVTSSNTRPSALAPGGRYPYVAPPTYGDLPISSFLNVKDPAQNGNRQV 400

EGR47521 400 KGDNTVDEAATLNAILALAASQNKIAYFPFGKYRVDSTLFIPPGSRIVGEAWSTITGNGQFFKNENSPQPVVAVGRPGDV 479
ACE81432 401 KGDNTINEADTLNAILELAASQNKVAYFPFGKYRVDSTLFIPKGSRIVGEAWATITGNGNFFKNENSPQPVVSVGRAGDV 480

EGR47521 480 559
ACEB1432 481 560
EGR47521 560 634
ACE81432 561 637
EGR47521 635 714
ACE81432 638 717

EGR47521 715 LQAFGLCSKDSVNTLRLGDGTLINTANGFTGSWPGGGGDVGRYTV 759
ACE81432 718 LQAFGLCSKDSVNTLRLGDGTFINTQNGYTGGWTPGGGDVARYTT 762

Fig.40 Alignment of the TrGH55 sequence.
EGR47521: TrGH55from T. reesei;
ACEB81432: Bgn13.1 from T. harzianum CECT 2413.

Strictly conserved residues were high-lighted in red, conserved catalytic
residue R1 (Glu) was marked with “#”. Strictly conserved residues related in

catalytic reaction R2 (Asp), R3 (Ser) and R4 (GIn) are framed.

The residue R1 (Glu) was concluded as a catalytic site (Ishida et al. 2009).
Residue R2 (Asp) had a primary role in positioning the substrate, R3 (Ser) and

R4 (GIn) were reported both important, but not essential catalytic related
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residues in the latest research (Bianchetti et al. 2015). The Bgnl1l3.1 was
confirmed to be an endo-B-1,3-glucanase by experimental evidence for the first
time (La-Cruz et al. 1995). It contributed enzymatic activity on periodate
oxidized laminarin, which could not be hydrolyzed by exo-B-1,3-glucanase, but
showed no ability of hydrolyze laminaribiose. Based on the high identity with
Bgnl13.1, TrGH55 in this work was predicted as an endolytic mode [3-1,3-

glucanase.

Gene of putative endo-B-1,3-glucanase TrGH55 was cloned from cDNA of T.
reesei. A PCR product of 2223 bp was obtained, which contains a 2199
nucleotide ORF terminated by a TAG stop codon, encoding 732 amino acids of
mature protein with a predicted molecular mass of 77.94 kDa. In Fig.35A, lane
1, the bright band between 2000 and 2500 bp showed the product of gene
amplification. The faint bands in this lane were probably nonspecific PCR
products, nevertheless their existence had no influence on isolation of the target
band from agarose gel. The purified product was then ligated into pJET 1.2

cloning vector for further plasmid construction.

Gene of TrGH55 was insert to the vector pAaHBgI by ligation between sites
Xho | and Not I, and named as pAaHBgI-TrGH55 in the following work. Two
fragments with the sizes of 7395 bp and 2223 bp should be produced by

digestion with Xho I and Not | when the gene of interested was inserted correctly.
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DNA Ladder

-

Fig.41 Analysis of pAaHBgl-TrGH55 construction.

M: 1 kb DNA ladder (Plasmid Factory, Germany); lane 1 to 3, fragments of

recombinant plasmids digested by Xho | and Not I.

As shown in Fig.41 from lane 1 to 3, two fragments were generated after
restrict digestion of endonuclease, with lengths between 2000 to 2500 bp and
8000 to 6000 bp in each lane, respectively. The results revealed by DNA
electrophoresis meet the requirements mentioned above, suggesting the

recombinant plasmid construction was conducted correctly.

The recombinant pAaHBQgIl-TrGH55 shown in Fig.41 Lane 1 was selected
afterward for transformation into P. pastoris strain GS115. Recombinants
appeared on the selective plate were picked and cultivated for recombinant
protein secretion in small scale cultivation using 24-well plate. After methanol
induction for 120 hours, supernatants were used as crude enzyme samples for
protein and endo-B-1,3-glucanase activity assay. The Fig.42 below was the

SDS-PAGE of secreted protein from the recombinant strains.
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Fig.42 SDS-PAGE analysis secreting expression of recombinant TrGH55.

Lane M, PageRuler Prestained protein ladder (Part No.26616, Thermo
scientific, USA); lane 1-6, 15 pL culture supernatant of recombinant P.
pastoris GS115 strains after methanol induction for 120 hours in small scale

using 24 square-well plate (section 2.4.4.1).

The existence of an evident protein band in lane 3 (highlighted by red line)
with a molecular mass between 70 and 100 kDa, which met the theoretical
mass of 77.94 kDa, confirmed the secretion of recombinant TrGH55 in P.
pastoris. Faint protein bands with the same molecular mass in lane 5 and 6
revealed the potential existences of target enzyme. However, it was not difficult
to estimate the bands from the gel. For the bands in lane 5 and 6, it was hard
to confirm efficient expressions of the potential enzyme from respective
recombinants. To investigate the TrGH55 activity in these samples, cleavage
assays against laminarin and alkali treated paramylon were performed and

enzyme activities were determined by MBTH method (section 2.4.5.2).
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45 m Alkali treated paramylon

® Laminarin

Enzyme activity (1U/L)
N
(6]

Sample

Fig.43 Enzyme activity assay from culture supernatants of selected
transformants (TrGH55). Supernatants of selected recombinant P. pastoris
GS115 transformants after methanol induction in small scale using 24
square-well plate (section 2.4.4.1) were used as crude enzymes for endo-[3-
1,3-glucanase activity assay. 90 pL enzyme sample was mixed with 90 pL
laminarin (2.0 g/L, pH=6.5, indicated by black column) and alkali treated
paramylon (2.0 g/L, pH=6.5, indicated by gray column), respectively, and
incubated at 37 °C for 60 min. Substrate preparation and enzyme activity

assay were described in section 2.4.5.

The only sample (Lane.3 in Fig.42) containing an evident protein band with
the right molecular mass had an activity of 28.9 IU/L on alkali treated paramylon
and 43.2 IU/L on laminarin. The other samples selected all have activity about
10 IU/L on ether alkali treated paramylon or laminarin, indicating the
recombinant endo-B-1,3-glucanase TrGH55 was not or inefficiently expressed.
Combining the results from SDS-PAGE, the recombinant P. pastoris GS115
strain NO.3 successfully secreted TrGH55 as main extracellular protein. And
the recombinant enzyme had activity on both laminarin and alkali treated

paramylon, providing reducing ends from the substrates. Therefore, this
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recombinant strain was selected for further research and named as P. pastoris
GS115-TrGH5S5 in this work. Recombinant TrGH55 expression was performed
in 250 mL baffled flask. Supernatant collected in every 24 h since methanol
inducing starts was assayed for endo-B-1,3-glucanase activity using laminarin

and alkali treated paramylon as substrate respectively.
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Fig.44 Recombinant TrGH55 expression in P. pastoris. Supernatants of
selected recombinant P.pastoris GS115 transformants after methanol
induction using 24 shake flask (section 2.4.4.2) were used as crude enzymes
for endo-B-1,3-glucanase activity assay. 90 uL enzyme sample was mixed
with 90 pL laminarin (2.0 g/L, pH=6.5) and alkali treated paramylon (2.0 g/L,
pH=6.5), respectively, and incubated at 37 °C for 60 min. Substrate

preparation and enzyme activity assay were described in section 2.4.5.

During the methanol induction, endo-B-1,3-glucanase activity detected by
determining reducing ends generated from laminarin increased from none to
125.1 IU/L in 120 hours. Comparing to 42.2 IU/L detected from 24-well plate
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cultivation, the activity of recombinant enzyme achieved a threefold
enhancement. A similar trend appeared when acting on alkali treated
paramylon as substrate. After 120 hours inducing, the enzyme activity was 81.2
IU/L with a total protein concentration of 0.26 g/L in the supernatant. As
discussed before, the recombinant TrGH55 showed higher activity toward
laminarin, as the well dissolved laminarin was probably more accessible to

enzymes than paramylon.

According to the results of enzyme assay and protein electrophoresis, the
conclusion can be made, that a putative endo-B-1,3-glucanase from T.reesei
namely TrGH55 was successfully cloned and secreted by recombinant
P.pastoris using a-factor as leading signal. The recombinant TrGH55a is
predicted to be a GH55 family enzyme, because of the high amino acid
sequence similarity with GH55 family member Bgn13.1 from T. harzianum. The
enzyme Bgnl3.1 expressed in strawberry was confirmed as an endo-$-1,3-
glucanase by hydrolyzing laminaring. The recombinant enzyme had the highest
activity of 2.4 mmol/L revealing by glucose equivalent produced after acting on
laminarin for 20 hours (Mercado et al. 2015). While in this work, the TrGH55
had the reducing sugar equivalent of 937.5 umol/L. Although the activity was
lower than Bgn13.1, the TrGH55 was secreted by P. pastoris for the first time
since genome sequence of T. reesei was published in 2008 (Martinez et al.
2008), and the activity could be enhanced by gene codon and express

conditions optimization in further work.
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3.2.4 Cloning and expression of TrGH64 (EGR45483.1)

Nucleotide and amino acid sequences of TrGH64 from T. reesei are shown

in Fig.45. The open reading frame had a size of 1350 bp terminating by stop

codon TGA, which corresponds to a translation product of 449 amino acids.

Predicting by SignalP 3.0, a N-terminal signal peptide existed and the cleavage

site lay between positions 16 (a) and 17 (a). Additionally, basic residues Thr (t)

and Arg (r) at positions 23-24 were predicted as propetide cleavage site by

ProP1.0 Server, indicating the mature protein started from residue at position

33 (V).
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Fig.45 Nucleotide sequence and amino acid sequence of TrGH64.

In the coding region, the putative signal peptide was boxed, and the

predicted propeptide cleavage site was indicated by an arrow.

By aligning amino acid sequence with available protein sequences from the

GenBank database, the protein showed 25% similarity to laminarinpentaose-

producing B-1,3-glucanase naming LPHase from Streptomyces matensis

(GenBank: BAA34349.1) (as showing in Fig.46). The LPHase was confirmed

to be a GH family 64 member, endolyticly cleaving -1,3-glucan chain into
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specific pentasaccharide oligomers in a direct displacement mechanism. In the
catalytic domain, the conserved Glu acted as a porton donor to the glycosidic
oxygen, and the conserved Asp facilitated a base assisted nucleophilic attack
by a water molecule from the opposite side of the sugar ring, while the side
chains of Thr, Asn and Trp acted for polysaccharide chain binding (Wu et al.
2009). When a polysaccharide chain of 3-1,3-glucan diffused into the catalytic
domain, the reducing end would be positioned bound in the region by Trp(R3),
Asn(R4) and Thr(R5). Hydrolysis of the p-1,3-glycosidic bond from the end of
the chain was performed by Glu(R1) and Asp(R2), generating pentasaccharide
as product.

EGR45483 1 MRTFTLLTALMGAVSAAPSLITRVATPFSVASPGGIDDISVTGHNNILNGTYHSPATTGPNEF ANQANPKSGHLPIKLVNS 80
BAAS4349 1 —MLRTLRRRVTA VALGLATALGGGN ————LAAGVPSFA HAAVPAT—IFLTITHEN 48

EGR45483 81  FGGGH-VNAVIAGLD-SENRVVFVKGDGSLLYPSSGGSEIFVFVSDEIKISLPAKGKSLTVTVFIVITSARIYFAEGTLF 158
BAA34349 49  SGRAEQTHIVNLGTELSSGRQGHADASGAF-HPWPAGGNFFTFAPDA-SIPGPAPGRSTTIQIFKF—SGRIVFSYGREM 124

1
# RS R3R4 #
EGR46483 159 FFIVKIPTGDGLYQFSPANLKDFSAGINWGFVELSYTEGKAVHANISYVIFVAILSMSLSSTDGSTQVTRGLHSYALGE 238

BAA34349 125 EF—RLTTG-GLVAQFPAVQNPTDFNRDILFRWSEYTLNDS-GLYINSTQVIMFSAPYTVGVRRGIGTTLSTGKLRPGGYNG 200

EGR45483 239 ICKDLAKQTAKDGFPWANLCIRNSEGRLLEALAPGDYSDIDKNGFK-NYWKSYVDKVWDHYSSNTLTINTQSSAGKVEC— 316
BAA34349 201 VFNALRGASGG—HWANLIQTRSDGTVLRALSP—LYGVETGALPASVMDDYINRVWNKYTGTDLIVTPFADRPDVRYT 274

EGR45483 317 -KVKDGKLQ-CDGDNR—SYSKPSANDIWGCNSGPFATKAGDNELHKAVVPRLCAAFVRATLLIPGGDVAFGYSRSKYY 391
BAA34349 275 GRVSGGVLRFTDGSGAVVTITFQKPDASSYFGCHR—LLDAPNDQVRGPISRTLCAGFNRTTLL—ANPHRFDRSAAGFY 349

EGR45483 392 KTNPANHYSRLVHHYEVDGRGYAFPYDDVNPNDKENASGTLATGTFEKLTVYIGAFFF 449
BAA34349 350 QEPVTNHYARITHAHMADGKAYGFAFDDVGHHES——LVHDGDFRGASLTLD-FFD 401

Fig.46 Alignment of the TrGH64 sequence.
EGR45483: TrGH64 from T. reesei;
BAA34349: LPHase from S. matensis.

The conserved catalytic residues are R1 and R2, substrate binding residues

were maked as R3, R4, and R5.
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Gene of putative endo-B-1,3-glucanase TrGH64 was cloned by a PCR-based
strategy using cDNA as template. A PCR product of 1316 bp was obtained
containing a 1299 nucleotide ORF terminated by a TAG stop codon, which
encoding 432 amino acids of mature protein with a predicted molecular mass
of 46.35 kDa. As shown in Fig.35A, lane 5, the bright band with a size between
1000 and 1500 bp was obtained as the main product. The purified PCR product

was then ligated into pJET 1.2 cloning vector for further plasmid construction.

Recombinant plasmid pAaHBgI-TrGH64 construction was performed as
described in (section 2.4.2). Gene of TrGH64 was ligated into the vector
pAaHBgl between sites Xho | and Not I. Two fragments with the sizes of 7395
bp and 1316 bp should be produced by endonucleases digestion of Xho | and

Not | when the gene of interested was inserted correctly.

M 1 2 3

DNA Ladder

Fig.47 Analysis of pAaHBgI-TrGH64 construction. Recombinant vector
pAaHBgl-TrGH64 screening by digestion with restriction endonucleases. M:
1 kb DNA ladder (Plasmid Factory, Germany); lane 1-3, results of the

recombinant plasmids digested by Xho | and Not I.

As shown in Fig.47 Lane 1 to 3, two evident fragments were obtained by Xho

I and Not | digestion, the band between the 1000 and 1500 bp was the gene
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coding TrGH64 and the band with the size between 6000 and 8000 bp was
linearized vector pAaHBgl. The recombinant vector shown in lane 1 in Fig.47
was selected as expression vector for further transformation into P.pastoris
strain GS115. Performed as mentioned in the methods 2.4.4.1, transformants
were picked from selective agar plate and induced by methanol for recombinant
protein expression in 24-well plates. Supernatants from the small-scale
cultivation were used as crude enzyme samples for SDS-PAGE and activity
assay. Only one positive transformant was obtained demonstrating by the SDS-
PAGE result of secreted proteins. In Fig.48 lane 5, a distinct band (highlighted
with red underline) shows a secreted protein with a molecular mass between
40 and 55 kDa, which meets the predicted molecular mass of target enzyme
TrGH64 (46.35 kDa). No band with similar molecular mass appeared in other

samples.

Protein Ladder kDa
-170

-130
-100
" -70
-55
- 40
. -35

- 25

Fig.48 SDS-PAGE analysis secreting expression of recombinant TrGH64.
Lane M, PageRuler Prestained protein ladder (Part N0.26616, Thermo
scientific, USA); lane 1-6, 15 pL culture supernatant of six recombinant P.
pastoris GS115 strains after methanol induction for 120 hours in small scale

using 24 square-well plate (section 2.4.4.1).

Results in Fig.49 further confirmed the success of cloning and expression of

recombinant TrGH64 in P. pastoris. To measure the enzyme activity, alkali
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treated paramylon and laminarin were used as substrate for recombinant
enzyme hydrolyze assay, respectively. Enzyme activity was analyzed by

determining reducing ends using MBTH method.

m Alkali treated paramylon

® Laminarin

Enzyme activity (IU/L)
N
(631

1 2 3 4 5 6
Sample

Fig.49 Enzyme activity assay from culture supernatants of selected
transformants (TrGH64). Supernatants of selected recombinant P. pastoris
GS115 transformants after methanol induction in small scale using 24
square-well plate (section 2.4.4.1) were used as crude enzymes for endo-[3-
1,3-glucanase activity assay. 90 pL enzyme sample was mixed with 90 pL
laminarin (2.0 g/L, pH=6.5, indicated by black column) and alkali treated
paramylon (2.0 g/L, pH=6.5, indicated by gray column), respectively, and
incubated at 37 °C for 60 min. Substrate preparation and enzyme activity

assay were described in section 2.4.5.

Suggested by hydrolytic activity assay toward these two substrates, only the
supernatant of transformant NO.5 (Fig.48 lane 5) had definite higher
recombinant TrGH64 activity than the other samples. As shown in Fig.49,
recombinant TrGH64 demonstrated activity of 33.8 IU/L towards alkali treated

paramylon, and 40.1 IU/L when acting on laminarin. While the other samples
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containing only background proteins of P. pastoris in SDS-PAGE, these
samples all showed activities lower than 5.0 IU/L towards either substrate.
Based on these results, it's confirmed that the active recombinant endo--1,3-
glucanase TrGH64 was secreted. This recombinant strain was named as P.
pastoris GS115- TrGH64 and cultivated in 250 mL baffled flask for further

research.

During methanol induction, supernatant was taken every 24 hours and used
as crude enzyme for hydrolytic assay. The total protein concentration and

enzyme activity results are shown in Fig.50 below.
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Fig.50 Recombinant TrGH64 expression in P. pastoris. Supernatants of
selected recombinant P. pastoris GS115 transformants after methanol
induction using 24 shake flask (section 2.4.4.2) were used as crude enzymes
for endo-B-1,3-glucanase activity assay. 90 uL enzyme sample was mixed
with 90 pL laminarin (2.0 g/L, pH=6.5) and alkali treated paramylon (2.0 g/L,
pH=6.5), respectively, and incubated at 37 °C for 60 min. Substrate

preparation and enzyme activity assay were described in section 2.4.5.
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Since the methanol inducing started, proteins in the supernatant
accumulated and achieved a concentration of 0.34 g/L in 120 hours.
Consequently, activity of endo-B-1,3-glucanase increased along the protein
accumulation. When use laminarin as substrate, the enzyme activity rose
rapidly to 100.7 IU/L in the first 72 hours, and increased steadily to 112.4 1U/L
at time point 120h. The hydrolysis action of TrGH64 towards B-1,3-glucan
started by positioning a free chain of the polysaccharide and breaking the
glycosidic bond by interactions of residues including Glu and Asp in the catalytic
domain, afterwards. Therefore, enzyme activities toward alkali treated
paramylon were relatively lower due to the difficult of accessing between
enzyme and substrate. After methanol induction for 120 hours, the recombinant
TrGH64 had an activity of 79.0 IU/L on paramylon, which is about 30% lower

than acting on laminarin.

Although 296 proteins were predicted relating to glycoside hydrolase family
64 enzymes by now according to sequence similarity (Davies and Sinnott 2008).
The GH family p-1,3-glucanase was firstly confirmed to hydrolysis substrate by
inverting mechanism in 2001 (Nishimura et al. 2001). The crystal structure was
resolved in 2009 for the first time (Wu et al. 2009), and essential residues
related to catalytic activity were firstly reported in 2011 (Shrestha et al. 2011).
Including the LPHase from S. matensis, only four GH family enzymes were
characterized by now. The other three characterized enzymes, gluB from
Lysobacter enzymogenes Strain N4-7 (Palumbo et al. 2003), LPHase from
Streptomyces matensis DIC-108 (Palumbo et al. 2003), and an unnamed
glucanase from Oerskovia xanthineolytica (Shen et al. 1991), were all
expressed in E. coli. Based on the experimental evidences and current
knowledges, this work conducted the successful recombinant expression of

TrGH64 from T. reesei in P. pastoris for the first time.
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2.3.5 Cloning and expression of TrGH81 (EGR49603.1)

Nucleotide and amino acid sequences of TrGH81 (GenBank: EGR49603.1) are

shown in Fig.51. The open reading frame was 2592 bp and terminated by TAA

stop codon, corresponding to a translation product of 863 aa. Predicting by

SignalP 3.0, a N-terminal signal peptide existed and the cleavage site was

between positions 18 (a) and 19 (I). No propetide cleavage site was predicted

by ProP1.0 Server downstream of the signal peptide. Therefore, the putative

mature enzyme from residue Leu (l) to Ser (s) from position 19 () to 863 (s)

was cloned.
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Fig.51 Nucleotide sequence and amino acid sequence of TrGH81.

In the coding region, the putative signal peptide was boxed.
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Comparison of the amino acid sequences of TrGH81 with characterized
protein RmLam81A from Rhizomucor mieher (GeneBank: AGV00786.1)
resulted a similarity of 24%. The enzyme RmLam81lA was an endo-B-1,3-
glucannase of GH81 family. For the first time, crystal structure of RmLam81A
was reported consisting three distinct domains: domain B stabilized the
structure of the protein, as well as the core cleft formed by domain A and C
(Zhou et al. 2013). As shown in Fig 52, strictly conserved residues in the sugar-
binding motif were framed in blue. Among them, Glu (R1) and Glu (R3) were
predicted catalytic residues. R1 and R3 were likely a proton donor and a basic
catalyst respectively, and residues Ser (R2), Tyr (R4) and Try (R5) contributed
to position and ionization state of catalytic residues. For instance, residue R2
stabilized the position of R3 by forming a hydrogen bond to the backbone N
atom (Zhou et al. 2013). These residues were highly conserved among GH

family 81 emzymes.
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EGR49603 1 MLASLVNLVIASALGVAALPNGAKLSNIAGRGLF APISTSNPAGISGGTTATGADGAPVSSFFAGLKPPFFTHSWWASYA 80
AGVO0T7E6 1 MEFQVIVAATITMITSYIPGYASQSTSDGDDLFVPVSNFDPKSIFPEIK——HPFEFMYANTENGKIVFTHSWISNLF 76

EGR49603 8 ATPGNG——TASGFFPY———————ESQLDGLGINFGVSNSRAFIGTSIKQPTQNDWEAGFAEHSGAFANHEA 142
AGV00786 77  YPSADNLAFTTPDPYTLRLLIGYGGNFGLTIRQPSAKVLGSYPPTNDVPYTDAGYMINSVVVDLELTSSEWSDVVFDRQY 156

-

EGR49603 143 TAFDTHSVTVQYFQGGASMIS—FLIPGSPYITLQYQAATFLLTSRNGGIASFNGQNLENGQSVTATGTSFTVVDTTG 218
AGV00786 157 TDWDHLSANLRLSTPQDSNSYIDFPIVRGMAYITANYNNLTPQFLSQHATISVEADEKKSDDNTSTFSGRKFKITMNDDE 236

EGR49603 219 -TTYVIVALSSISLTATATNSAQGTIKATGTYNGVLELVRLTQASHKALLDQHYTVYPTGYGLDYSFTTTTGTLI-FNYN 296
AGVD0786 237 TSTFIIYSLG—DKPLELRKQDNSNLVASKPYTGVIRVAKIPAPEFETLLDASRAVNFPTGGDISARSDDNNGASYTIKWK 314

EGR49603 297 TVGDGSQLIMLTWPHHRLSLAGANQPATSSLGYLTTKGHMYPIIGHQWKLL-YQLSSITHNP-PRALDSSCSSAVIQGLY 374

AGVD0786 315 THNSNEAPLLTYAYAHHLTSIDDSHVERTIMTLQSATKGPMTALVGNEWTLRETELSPVEWLFLQAAPNPTTINEIMTEIN 394
R4

EGR49603 375 YEIGLLANSTFPVPNERYNWGGSLAAQARLALTIAEAVGRTDL——IFTVTNYLKTSFQNWFTPSTGASF-AYETSWGGY 449
AGY00786 395 KDI-ASHYTQETAKEDNYFSGKGLOKFAMLALILNKSDQTQLENPELAQIALDKLKAAFLPYLQNEQADFFRYDTLYKGI 473

EGR49603 450 IDEAG ATNSGIFICH

AGVD0786 474 VAKAGLPTSMGGTDDLSAEFIGHS

GUFLYVAAVIAKYDANWLAQ-HKDFINWFARDIINFSPNDFYFPVTRC 621
GUFVVTAATTHHLDPTHNADRLEAWTEALTRDVNNANDGDEYFAAFRN 663

EGR49603 522 RIWFAG HAVNGY YGALLWATVALSQDYVNY ARLLVATEQQGAQVYWHLYPQQSQTDFN 599

AGY00786 554 WDWFAGHSWAGGIKPDGALDGRDQESYHESVNFYWGAKLWGLATGNTPLTKLASLQLAVTKRTTYEYFYMLDG N 627
EGR49603 600 NPYPEPAVENLVIMGNVEDWQSGAWLFWGNQKSHIAATC) P-INEVLYDAQWVNNVWSYAQNEIVIPSIADDWRSY 678
AGYD0786 628 KNRPENIVENKV-IGIYFEQKTDYTTYFGRFLEYIHGIOQ PELMEYIRTPEFVSQEWDEKLGATA-FTVQSEWAGY 705

EGR49603 679 MIAAYSNANFQTAAAWSANLTTWGSGNTFSNELFFIGTRPNFSGQPICGSNFPOQNPYGNFKIQSATTGQWVVASTASSNL 758
AGV00786 706 LYLNYATINFAEAYPALRKVQ-MDDGQTRSYSLYLTATRPH———————FFRRSLLAALARHGSTRRPSL 766

EGR49603 759 VASGSQASAGVFISSYTPNAGNLEKLTSHNQFVTADQSGNFALQAARATASSWEVFTIRQKVGAAAGVYTIKAGSNGEWVT 838
AGVDO786 767 PSSGDDDK HEDGFLLRFRELNP FNLKHRIY 796

EGR49603 839 LASDGSLINNGATEASAAGFKFVQS 863
AGYDO786

Fig.52 Alignment of the TrGH81 sequence.
EGR49603: TrGH81from T. reesei;
AGO00786: RmLam81A from R. miehei;

Strictly conserved residues were highlighted in red; sugar-binding related
residues were framed in blue; and catalytic related residues were marked

with “#”.

The gene of putative endo-B-1,3-glucannase TrGH81 was cloned by a PCR-
based strategy using T.reesei cDNA as template. A PCR product of 2576 bp

was obtained, containing a mature enzyme (851 aa) nucleotide ORF of 2556
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bp. The predicted molecular mass of TrGH81 is 91.24 kDa. As shown in
Fig.35A, lane 6, the only bright band with a size around 2.5 kb was obtained,

and ligated into pJET 1.2 cloning vector for plasmid construction.

The gene was ligated into the vector pAaHBgI by Xho | and Not | to construct
the recombinant plasmids pAaHBgI-TrGH81. Two fragments with sizes of 7395
bp and 2576 bp should arise after digestion with Xho | and Not | when plasmid

construction was correct.

DNA Ladder

Fig.53 Analysis of pAaHBgI-TrGH81 construction.

Recombinant vector pAaHBgl-TrGH81 digestion with restriction
endonucleases. M: 1 kb DNA ladder (Plasmid Factory, Germany); lane 1-3,

results of three recombinant plasmids digested by Xho | and Not I.

In Fig.53, only lane 3 showed two bands in right size representing two
fragments cleaved by Xho I and Not | from correctly constructed recombinant
plasmid. In lane 1, the first faint band about 10 kb was probably uncut original
vector pAaHBgl, the second bright band was the longer fragment linearized by
restriction endonucleases from pAaHBgl, and the third band with the size about
1,000 bp was the gene inserted between Xho | and Not I. The uncut original

vector existed from the first step of construction and was transformed into E.coli
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causing a false positive clone. In lane 2, the smaller band was about 2.5 kb,
which met the size of target gene (2576 bp), but the other band about 3.0 kb
might be a linearized cloning vector pJET 1.2. The bands in lane 2 indicated
that circular cloning vector pJET 1.2 with target gene were transformed into E.
coli strain during the construction procedure. Therefore, the recombinant vector
showing in Fig.53 Lane 3 was selected as positive expression vector for
transformation into P. pastoris strain GS115. Colonies appeared on the
selective plates were picked and cultivated in small scale for recombinant

protein expression screening.

SDS-PAGE analysis of the supernatants after methanol induction
demonstrate that a predominant protein with the molecular mass between 70
and 100 kDa (Fig.54, Lane 2 and 4 (highlighted with red underline)) was
expressed, respectively, which meets the predicted molecular mass of 91.24
kDa, indicating a secretion of recombinant TrGH81. Enzyme activities of these
two samples were also observed when act on both alkali treated paramylon and
laminarin (in Fig.55).

1 2 3 4 5 6 M kDa

-170
-100
-70
-55

-40

,‘
108l

-35

-25

Fig.54 SDS-PAGE analysis secreting expression of recombinant TrGH81.
Lane M, PageRuler Prestained protein ladder (Part N0.26616, Thermo

scientific, USA); lane 1-6, 15 uL culture supernatant of six recombinant P.
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pastoris GS115 strains after methanol induction for 120 hours in small scale

using 24 square-well plate (section 2.4.4.1).

35

30 m Alkali treated paramylon

® Laminarin

25

20

15

10

Enzyme activity (IU/L)

Sample

Fig.55 Enzyme activity assay from culture supernatants of selected
transformants (TrGH81). Supernatants of selected recombinant P. pastoris
GS115 transformants after methanol induction in small scale using 24
square-well plate (section 2.4.4.1) were used as crude enzymes for endo-[3-
1,3-glucanase activity assay. 90 pL enzyme sample was mixed with 90 pL
laminarin (2.0 g/L, pH=6.5, indicated by black column) and alkali treated
paramylon (2.0 g/L, pH=6.5, indicated by gray column), respectively, and
incubated at 37 °C for 60 min. Substrate preparation and enzyme activity

assay were described in section 2.4.5.

The secreted proteins in Lane 2 and 4 of Fig.54 were active on alkali treated
paramylon and laminarin. The crude enzyme sample NO.2 had activity of 17.2
IU/L toward alkali treated paramylon and 24.8 IU/L on laminarin, which were
slightly lower comparing with sample NO.4, whose activites on these substrates
were 17.9 IU/L and 26.5 IU/L respectively. Activities of sample NO.2 and NO.4
were obviously higher than those of the other four samples selected, which had
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no predominant protein as showing in Fig.55. This suggested that the major
secreted protein contributed cleavage activites against both substrates. Based
on these results, the expression and enzymatic activity of recombinant TrGH81
as an endo-B1,3-glucanase was preliminarily confirmed. And the recombinant
strain NO.4 was named as P. pastoris GS115-TrGH81 for shake flask

cultivation.

During the methanol induction, supernatant was taken at each 24 h and used
as crude enzyme for hydrolytic assay. The total protein concentration and

enzyme activity results are showing in Fig.56 below.
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Fig.56 Recombinant TrGH81 expression in P. pastoris. Supernatants of
selected recombinant P.pastoris GS115 transformants after methanol
induction using 24 shake flask (section 2.4.4.2) were used as crude enzymes
for endo-B-1,3-glucanase activity assay. 90 uL enzyme sample was mixed
with 90 pL laminarin (2.0 g/L, pH=6.5) and alkali treated paramylon (2.0 g/L,
pH=6.5), respectively, and incubated at 37 °C for 60 min. Substrate

preparation and enzyme activity assay were described in section 2.4.5.
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During the methanol induction, endo-B-1,3-glucanase activity detected by
determining reducing ends generated from laminarin increased from none to
118.3 IU/L at 120 h, while the total protein concentration in the supernatant was
0.26 g/L. Comparing to 26.5 IU/L detected from 24-well plate cultivation, the
activity of recombinant enzyme achieved a fourfold increasing. As being
observed in other recombinant enzyme assay, similar trend appeared also
when alkali treated paramylon was used as substrate, but with lower activity.
After induction for 120 hours, the enzyme activity of recombinant TrGH81 was
81.5 IU/L in the supernatant. This was a fourfold increasing by comparison with

17.9 IU/L in multi-well plate cultivation.

Hundreds of proteins were classified in glycoside hydrolase family 81, which
were widely distributed in fungi, bacteria and plants (Davies and Sinnott 2008).
In an inverting hydrolytic mechanism, all GH family enzymes specificly broke 3-
1,3-glycosidic bond by endolytic mode (McGrath and Wilson 2006). However,
limited members of this family have been characterized, such as EngA from
Aspergillus nidulans FGSC A4 (Mouyna et al. 2002), Lam81 from Thermobifida
fusca (McGrath and Wilson 2006), a B-glucan elicitor binding protein expressed
in tobacco suspension cultured cells and in E. coli for elicitor activity assay
(Umemoto et al. 1997), and Eng from Pneumocystis carinii expressed in E. coli
for determining immunoreactivity (Kutty et al. 2015). Nevertheless, as a putative
endo-B-1,3-glucanase, TrGH81 was initially secreted in P. pastoris and be
confirmed by both protein electrophoresis and enzyme assay, especially

displayed activity towards alkali treated paramylon.
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2.3.6 Cloning and expression of TrGH17 (EGR46171.1)

Nucleotide and amino acid sequences of TrGH17 (GenBank: EGR46171.1) are
shown in Fig.57. The open reading frame had a size of 1206 bp, corresponds
to a translation product with 401 amino acids. Predicting by SignalP 3.0, a N-
terminal signal peptide existed and the cleavage site was between positions 19
(a) and 20 (g). No propetide cleavage site was predicted by ProP1.0 Server at

the downstream of signal peptide.

391

521

651

781

911

1041

atgaagctgt ctacgaccat cchactqqc qctqcccttq tggceggtgt ttctgetgga cagaacaact acctcggett caactcggge aacaccctce ccgacgagtc cgccaagttc gagaaggact
[m ¥k 1 s t t iatg aal vag vsag gnn ylg fnsg ntl pde s akf ekd

tccttgccga gttctcecacyg gcccagaage tcgtcggcgc cceceggeace ttcaacgeeg tccgtctcta caccaacatc caggcctact ccaaggacac tcctatcgag geccttctccg ccgccatcaa
fla e f st agk 1 vg apgt fna vrl ytni gay s kd t pie a f s a a 1

gaccaagacg tacattctcc tcggtgtctg ggcctcggge actgataaca tcgacaatga gctggetgec ctqachccq ctgtcaagca gtacggcaag gacctgacgg acctgatcat tqqtqtctcc
¥t ¥t yvyil1l 1 gv wasg tdn idn e 1 aa 1 a a vk gy gk d1 t d1 i g v s

athqcach aggatctgta CCgLgactcy Cagactggic gaaccaacaa ggecggtgtc ggcaacggec cCaaggagyt CCTCgUCLLC atcaacgact acaagaagac CTLTCCaaC actgctetyy
i g s e dl y r d s qa t g r t n k a gv gng p ke v 1l g f ind yv k¥ k t f an t a 1

ccaatgtcec cathqccac gtcgacacct gggatgecctg ggtcaacgge accaacaagc ccqtcctha cgecegtegac tqqathqtq ttgacgagta ccccttctac gagacaggca agggcaacga
anv pigh vdt wda wvng tnk pv1 davd wig v d e y p £y e t g k g n

cattaqcaac gceggcaage tcttcgacac ggctttegag accacgctgg gcgectgecaa tggcaagece gtctgggtga cggagaccgg ctggcccctg accggecceg actgggacga ggccaagecc
d isn agk 1 fd tafe ttl gaa ngkwp vwyv t et g w p 1 t g p d wd e a k p

agcgtcaaga acgcccagaa gtactggeag gacattggct gcaagaggct cttcaacaag taccccacct tctggtacaa cctgcgtgac tccaacccgg ccaaccaggt caagttcggce atcagccaga
s v k n a g kv w g d i g c k 1 £ n k y p t f w y n 1 r d s n p a n g v k f g i s g

gCCTCTCTLC CACCCCTTeg TLCGAcctga CCLgececaa gyagyagace accacctecq Cggecaages Caccgecact accCrCgtca aggetictgy aacacccgaa getgecaagt ctggetcega
s 1 s 5 t p s fdl tcp k e et t t s a a k pt at t 1 v k a s g t p e a v k s g s

gggcaccget aacgccggag gotccaagtc cagcaacage gatgettcca ccacctcatc aggocctgec geggecacta CCaccggegec Cggtgecgtg accaaggtct CCggegetge ccttqccqqt

e gt a n a g g s k 5 5 n s d a s t t s 5 g p a a a t t t g a g a v t kv 5 g a a 1

1171 gtggccatgg ttgeccggtet cctggccctg ttctaa
vam vag 1 1al -

Fig.57 Nucleotide sequence and amino acid sequence of TrGH17.

In the coding region, the putative signal peptide was boxed.

By aligning amino acid sequence with available protein sequences from the
GenBank database, TrGH17 showed high similarity to the GH family 17
members, such as 67% indent to exo-B-1,3-glucanase from Pochonia
chlamydosporia 170 (GenBank: XP_018147378.1) (Wang et al. 2016), and 69 %
indent to 1,3-beta-glucosidase from Colletotrichum incanum (GenBank:
KZL82930.1) (Hacquard et al. 2016). When aligned with the characterized exo-
B-1,3-glucanase naming Bgl2 from Saccharomyces cerevisiae (GenBank:

AAA34648.1), as shown in Fig.58, they shared the GH family 17 signature
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fragment [LIVMKS]-x-[LIVMFYWA](3)-[STAG]-E-[STACVI]-G-[WY]-P-[STN]-x-
[SAGQ] and the two strictly conserved Glu residues (R1 and R2) (Klebl and
Tanner 1989).

EGR46171 1 MKLSTTIATGAALVAGVSAGANNYLG—FNSGNTLPDESAKFEKDFLAEFSTAQKLVGAPGTFNAVRLY-TNIQAYSKD 76

AAAS4648 1 MRFSTTLAT-AATALFFTASQVSATGELAFNLG VENNDGTCESTSDYETELOALKSY 56
R1

EGR46171 77  TPIEAFSAATKTKTYILLGY ﬁ'ASGTDNI[‘HELAAL‘SAA‘;’KL)YGKIILTDLIIG‘/*'SIGIgDL‘;'F;DSQTGR 144

AAA34648 57  TS—TVKVYAASDCNTLQNLGF AAEAEGFTIFVGYWPTDDSHY AAEKAALATYLPKIKESTVAGFLVGSEALYRNDLTA- 133

EGR46171 145 THEAGYGNGPKEVLGFINDYKKTFANTALANVPIGHVDTWDAWVNGTNKPVLDAVIWIGVDEYPFYETGKGNDISHAG-K 223

AAAS4648 134 —SQLSDKINDVRSYVADISDS-DGKSYSGRAVGTVISWHVLVAGYNSAVIEASIFVMANAFSYWQ—CGQTMQNASYS 206
R2

#
EGR46171 224 LFDT—AFETTLGAANGKPY—HWVTETGHFLTGPDWDEAKFSVENAQKYWRDIGCKR- LFNKYPTFWYNLRD 290
AAA34648 207 FFDDIMQALQVIQSTRGSTDITFWVGETGHFPTDGTNFESSYFPSVDNAKQFWKEGICSMEAWGVNVIVFEAFDEDYKPNTS 286

EGR46171 291 SHPANQVKFGISQSLSSTPSFDLTCPKEETTTSAAKFTAT 330
AAA34648 287 GTSDVEKHWGYFTS-SDNLKYSLDCDFS—— 313

Fig.58 Alignment of the TrGH17 sequence.
EGR46171: TrGH17 from T. reesei, AA1-330;
AAA34648: Bgl2 from S. cerevisiae.

Strictly conserved catalytic Glu residues (R1 and R2) were marked with “#”.

Glycoside hydrolase family 17 signature fragment were framed.

The gene of putative exo-B-1,3-glucanase TrGH17 was cloned by a PCR-
based strategy using cDNA as template. A PCR product of 1190 bp was
obtained containing a 1170 nucleotide ORF, which encoding 381 amino acids
of mature protein with a predicted molecular mass of 41.06 kD. Fig.59A shows
the agarose gel analysis of PCR product from cDNA of T. reesei by PCR using
TrGH17 gene specific primers. There was one bright band between 1000 and
1500 bp as the main product, which met the right size according to the target

gene. Meanwhile, some strain bands existed, which might due to non-specific
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amplifications. However, these products had no influence on isolating the target

gene from agarose gel for cloning vector construction.

A

Fig.59 Analysis of TrGH17 gene application and pAaHBgI-TrGH17

construction.

A: Analysis of genes of glucanases obtained from cDNA of T. reesei
QM6a by PCR using specific primers. M: 1 kb DNA ladder; lane 1: Gene
of glucanase TrGH17 (1190 bp);

B: Recombinant vector screening by digestion with restriction
endonucleases. M: 1 kb DNA ladder (Plasmid Factory, Germany); lane
1 to 4, results of four recombinant pAaHBgI-TrGH17 plasmids digested
by Xho | and Not I.

Recombinant plasmid pAaHBgl-TrGH64 construction was performed as
described in (section 2.4.2). Gene of TrGH64 was ligated into the vector
pAaHBgl between sites Xho | and Not I. To screen the positive constructions,
Xho | and Not | were used to digest the recombinant plasmids. Two fragments
with the sizes of 7395 bp and 1190 bp should be produced when the gene was

inserted correctly. The digestion products were visualized by agarose gel
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electrophoresis (see Fig.59B). All four plasmids tested had two fragments in

right size, and the bands larger than 10 kb were probably un-cut circular vectors.

Afterwards, the recombinant vector shown in Fig.59B, lane 1 was selected
as positive expression vector for further transformation into P. pastoris strain
GS115. Performed as mentioned in section 2.4.4.1, transformants were picked
from selective agar plate and induced by methanol for recombinant protein
expression in 24 square-well plates. Supernatants from the small-scale
cultivation were used as crude enzyme samples for SDS-PAGE and activity
assay. Two positive recombinant strains were obtained demonstrating by the
SDS-PAGE of secreted proteins. In Fig.60, lane 2 and 4 respectively, both
contains a distinct band (highlighted with red underline) indicating a secreted
protein with molecular mass about 40 kDa, which meets the predicted
molecular mass of TrGH17 (41.06 kDa). No band with similar molecular mass

appears in other samples (lane 1,3,5 and 6).
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Fig.60 SDS-PAGE analysis secreting expression of recombinant TrGH17.
Lane M, PageRuler Prestained protein ladder (Part N0.26616, Thermo
scientific, USA); lane 1-6, 15 uL culture supernatant of six recombinant P.
pastoris GS115 strains after methanol induction for 120 hours in small scale

using 24 square-well plate (section 2.4.4.1).
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Activities of these crude enzyme samples were measure by D-Glucose assay
kit as described in section 2.4.5.3. The exo-B-1,3-glucanase enzyme activity
was converted in term of IU/L, where one unit of enzyme activity (IU) was
defined as the amount of enzyme required to liberate 1 umol reducing sugar
equivalent in 1 minute under the assay condition. The results in Fig.61
confirmed the distinct proteins showing in Fig.60, lane 2 and 4 were active
towards laminarin and alkali treated paramylon and released free glucose from

the substrates as hydrolytic product.
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Fig.61 Enzyme activity assay from culture supernatants of selected
transformants (TrGH17). Supernatants of selected recombinant P. pastoris
GS115 transformants after methanol induction in small scale using 24

square-well plate (section 2.4.4.1) were tested for exo-B-1,3-glucanase
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activity. 100 pL enzyme sample was mixed with 100 pL using alkali treated
paramylon (A, 2.0 g/L, pH=6.5, indicated by black column) and laminarin (B,
2.0 g/L, pH=6.5, indicated by gray column), respectively, and incubated at
37 °C for 15 min. Substrate preparation and enzyme activity assay were

described in section 2.4.5.

After 120 hours methanol induction in 24-well plate, two of the selected
recombinant strains (No.2 and 4) secreted putative exo-B-1,3-glucanase
TrGH17 as main product in the supernatant. The data of enzyme activity assay
confirmed the conclusion by showing high activity on both substrates. With the
total protein concentration of 0.65 g/L, crude enzyme No.2 showed activity of
447.4 1U/L on alkali treated paramylon and 1363.6 IU/L on laminarin, obtained
the relative activity of 688.3 1U/g and 2097.8 IU/g, respectively. Moreover, the
measured activity of crude enzyme No.4 were 511.4 IU/L on alkali treated
paramylon, and 1491.5 IU/L on laminarin with protein concentration 0.7 mg/L
corresponding to relative activities of 730.6 1U/g and 2130.7 1U/g, respectively.
Based on result of SDS-PAGE and activity assay, the recombinant P. pastoris
strain No.4 was selected for further work and named as P. pastoris GS115-

TrGH17.

Similarly, the P.pastoris GS115-TrGH17 cultivation was performed in 250 mL
shake flask and changed the medium to BMMY for methanol inducing.
Supernatants of every 24 h were assaied for total protein concentration and

exo-hydrolysis activity (section 2.4.5.3).
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Fig.62 Recombinant TrGH17 expression in P. pastoris. Supernatants of
selected recombinant P. pastoris GS115 transformants after methanol
induction using 24 shake flask (section 2.4.4.2) were used as crude enzymes
for exo-B-1,3-glucanase activity assay. 100 uL enzyme sample was mixed
with 100 pL laminarin (2.0 g/L, pH=6.5) and alkali treated paramylon (2.0 g/L,
pH=6.5), respectively, and incubated at 37 °C for 15 min. Substrate

preparation and enzyme activity assay were described in section 2.4.5.

Along the methanol induction, extracellular proteins accumulated steadily
and reached a relatively stable concentration of about 0.75 g/L after 96 h of
induction. As confirmed by the SDS-PAGE (Fig.60), recombinant TrGH17 was
the main protein in the supernatant. The putative exo-B-1,3-glucanase was
supposed to release free glucose from the non-reducing end of the substrate
as end product. The quantitative analysis of the enzymatic hydrolysate
demonstrated that during the 120 hours of cultivation, enzyme activity
increased along the induction time. Generally, the recombinant TrGH17
hydrolyzed laminarin more efficiently and showed high enzyme activities. Along

the extracellular protein secretion, hydrolytic activity of TrGH17 towards
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laminarin increased steadily, and achieved the highest value of 5859.3 IU/L
after 120 hours. When using alkali treated paramylon as enzyme assay
substrate, the increasing trend was also observed in general, but with lower
activity at each time point. Moreover, sample collected at 96 h obtained the
highest 2705.9 IU/L. When the crude enzyme collected at 120 h acted on
paramylon, the activity of 2514.2 IU/L was lower than the activity at time point
96 h. Although the hydrolysis was conducted mainly by recombinant TrGH17,
exo-B-1,3-glucanases produced by P. pastoris for cell growth and metabolism

might also participate at the substrate degradation.

Abundant enzymes were classified as GH family 17 members, and 83
enzymes were characterized as B-1,3-glucanases. Among these enzymes, only
Bgl2 from S. cerevisiae (GenBank: AAA34648.1) (Plotnikova et al. 2006) and a
B-1,3-glucan transferase from Candia albicans were characterized as exo-
glucanase (Tsai et al. 2011). In this work, TrGH17 was cloned and expressed
in P. pastoris for the first time. The activity of the recombinant enzyme on
laminarin and alkali treated paramylon were confirmed by determination of

glucose as hydrolysis product.
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2.3.

7 Cloning and expression of PpGH5 (CAY69081.1)

Nucleotide and amino acid sequences of PpGH5 (GenBank: CAY69081.1) are

shown in Fig.63. The open reading frame had a size of 1245 bp terminated by

TAA stop codon, corresponding to a translation product with 414 amino acids.

Predicting by SignalP 3.0, a N-terminal signal peptide existed and the cleavage

site lay between positions 16 (s) and 17 (i). And a processing site for Kex2-like

endoprotease was found downstream, resulting the mature protein N-terminal

from position 23 (d).

781

911

1041

1171

2LgRACTLgt acCtaattac attactattc qccagtctat gcagcqcaat tactctecca aagagagata taatctggga ttactceagt gasaazatca tgggtgtcaa cetcggtgga tgqctgqttt
‘n nl y1 i t 1 1 f a a it 1 p k r '(\ iiw dy s s e ki mgv nlgg w

tqqaqcccta tatcacccct thctttttq aagctttcgg cgatgatgta ccagtagatg aatatcgtta cactgaacga ctaqqtaaat chtqqcttt qqataqactt caacagcatt qqtcaacqtt
l ep wvw it op s 1 £f e a f gddv pvd ey y t e r E s a 1 dr 1l ggh ws

ctacgacgaa aaagattttc aagacatcgc agcttacgga cttaactttg tthtatacc aattggctac tgggccttece aattqctqqa tgatgatcct tatgttcaag gccaggaaga qtatcttqac
fy de kd f gdi aay g lnf vri pigy wa<tft gll dddp yvyvag gage ey ld

aaqqctttqq aqtggaqtaq aaaqcatqqa ctgaaaqttt gqattqacct tcatqgaqct ccaggatctc agaacggctt tgacaactcc ggtaagcgag acaqttqqga tttccaaaat ggtaacaacg
k e W ¥k h k 1 hga pg s g n g £f dn s g k r s w d £ gn gonn

ttcaagtaac tttggatgtt ctgaaatata LL1Caasaaa 2Tatggaace acggactact acgatgtggt cattgqcatt caactctiaa acgaaccatt gggacctatt ttagacatgg ataatctaag
v g v t dv 1 kvy i sk kygt tdy yvdv v gi gl 1l nep 1lgpdi ldn dnl

acagttctat geggatggtt atgatctagt taqaqatqtt gggaacaact ttgttgtaat ccacgatgca ttttaccagg cgccagagta Ctgggyggac gatttcacct cageggaagy ttactggaac
rqgfy adg ydl v d v g nn f vv 1 h d a f y g ape yvwgd dft s a e gy w n

qtqqtqcttq atcaccacca ttatcaagtc ttcgatgcag atqaattqca aaqaaqtatc gatgaacata tagaagccgc ctqtqattqq qqtaqaqatq caaataaaga gtaccactgg aacctctqtq
d h h hygv £da del 1 s i d e h i e a a d w g d a n k ey hw nl c

gtgaatggte gqcagcactt actgattgta ctcettggtt aaatgqtgtc ggaaaaggca cgagatatga aggtcaactt gataactccc cttqqathq atcttqtgaq aatagccagg atccttegaa
g e w s a a 1 t dc t pw 1 ngv g kg t ry e g q 1 d n s p w 1 g c e n s q d p s

attgaqctct gaacqtatct gtgagtacag aaggtacqta gaagcccage tagatgecttt cttacacggg aaaagegcag gttttatttt ctggtgtttc aagacagagg ccaqtttqqa gtgggatttt
k1l s s i cey rryv eag lda £1hg ksa gtfti £fwececE kte asl ewd £

aaaaqgctqg ttaatgecgy LAtCatgect cagecattgy acgacagaca gratccaaat caatgtgggt tetaa
krl vna gimp gpl ddr gypn gecg £ -

Fig.63 Nucleotide sequence and amino acid sequence of PpGHS5.

In the coding region, the putative signal peptide was boxed, and the

predicted propeptide cleavage site was indicated by arrow.

A comparison of PpGH5 amino acid sequence with known proteins in

GenBank database indicated high sequence identity and similarity to exo-$-1,3-

glucanses from glycoside hydrolase family 5 (Fig.64). These enzymes shared

conserved the active relating residues R1 (Glu) and R2 (Glu) and several

regions including the GH family 5 signature fragment in form of:

-[LIV]-[LIVMFYWGA](2)-[DNEQG]-[LIVMGST]-X-N-E-[PV]-[RHDNSTLIVFY]-

(Xu et al. 2006). R1 and R2 served as the proton and nucleophile respectively
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cleaving the glycosidic bond in a double-displacement mechanism (Cutfield et

al. 1999).

CAY69081 1 MN L-YLITLLF---ASLCSAIT------ LP  KRDIIWDYSS--EKIMGVNLGGWLVLEPYITPSLFEAFG----- 57
AAA34599 1 ML[S]LCTLLTVSSV----LATPVPARDPSSIQ[7]KRYYDYDHGS1gEPIRGVNIGGWLLLEPYITPSLFEAFRTNDDN 82
CAAB6951 1 MN L-TLLLLALIfSPSLIFSLPTANKVKLV ~ KKGLNWDYQN--AKIHGVNLGGWFVLEPFITPSLFDIYSKPNDD 71
ACP74152 1 MK LLSLLTLAL---GALSSPIPSQGGAQIY  KRS--FNYQT--DKLRGVNIGGWLVLEPYITPSLFEVFG----- 62

CAY69081 58 DD-VPVDEYRYTERLGKSLALDRLQQHWSTFYDEKDFQDIAAYGLNFVRIPIGYWAFQLLDDDPYVQG-QEEYLDKALEW 135
AAA34599 83  DEgIPVDEYHFCQYLGKDLAKSRLQSHWSTFYQEQDFANIASQGFNLVRIPIGYWAFQTLDDDPYVSGIQESYLDQAIGKH 162
CAAB6951 72 SQ-VPVDEYHFTQKLGKDAAQQVLEQHWKTWYKENDFKMMLKYGLNAVRIPIGYWAFKLLDYDPYVQG-QVKYLDRALDIW 149

ACP74152 63  DN-IPVDEYHYHQYLGAELAQSRLQQHWGSWITEQDFESIKGTGLNFVRIPIGYWAFQKLDSDPYVQG-QVEYLDKAIQW 140
R1

CAY69081 136 S?KHGLKUNIDLHGAPGSQHGFDHSGK?DSND:QNGNHVQVTLDVLKYISKKYGTTDYVDVVIGIQ-LNSPLEPILDMDN 215
AAA34599 163 ARNNSLKVWVDLHGAAGSQNGFDNSGLRDSYKFLEDSNLAVTTNVLNYILKKYSAEEYLDTIGIELINEPLPVLDMDK 242
CAA86951 150 ARKYNLKVWIDLHGAPGSQNGFDNSGLRDSLGFQQGNNVNFTLEVLEIIGKKYGGPEYEDVVIGIELLNEPL[PSLDLNY 229
ACP74152 141 ARNSGLYVWIDLHGAPGSQNGFDNSGLRDSYEFQNGNNTQITLDVLQQIFDKYGSSDYDDVIIGLELLNEPLISPVLDMAK 220

CAY69881 216 L-RQFYADGYDLVRD-VGNN-FVVIHDAFyQAPEYWGDDFTSAEGYWNVVLDHHHYQVFDADELQRSIDEHIEAACDWGR 292
AAA34599 243  MKNDYLAPAYEYLRNNIKSDQVIIIHDAF -QPYNYWDDFMTENDGYWGVTIDHHHYQVFASDQLERSIDEHIKVACEWGT 321
CAAB6951 230 L-KEFFQQGYQNLRN-SGSVQAVIIQDAF -QPMGYW-DNFLTLDQYWNVVVDHHHYQVF SAGELQRSIDDHITVACNKGK 385
ACP74152 221 L-NEFWETAYWNLRN-SNSTQTVVIHDAF -TASGYFNDKFQLNQGYWGLVIDHHHYQVF SQQEVQRSIDEHVEVACQUGK 297
R2
CAY69081 203 DANKEYHHNLCGEWSAALTDCTPHLNGVGKGTRYEGQLDN  SPWIGSCENSQDPSKLSSERICEVRRYVEAQLDAFLh 369
AAA34590 322  GVLNESHWTVCGEFAAALTDCTKWLNSVGFGARYDGSWVN[4]SSYIGSCANNDDIAYWSDERKENTRRYVEAQLDAF-- 400
CAAB6951 306 DAKKEYHUNVAGEWSAALTDCARKLNGVGRGARFSGDFDN  SPYFGSCDCYVNIATWPSEYRTNVRRYIEAQLDAF-- 380
ACP74152 298 DSKGENLWNLCGEWSAALTDCAKWLNGVGKGARYDQTFGN — SQYTGSCTNSQDISTWSSDVKANYRRYIEAQLDAF-- 372

CAY69081 370 GKSAGFIFWCFKTEASLEWDFKRLVNAGIMPQPLDDRQYPNQCGF--- 414
AAA34599 401 EMRGGWIIWCYKTESSLEWDAQRLMFNGLFPQPLTDRKYPNQCGTisn 448
CAA86951 381 EQTGGWFFWNWKCENAIEWDLQGLITAGVFPYPFYNRQFPNQCGF--- 425
ACP74152 373 EQRGGWVFWCWKTENAGEWDFQKLAYNGVFPQPLDDRQYPNQCGF--- 417

Fig.64 Alignment of the PpGH5 sequence.
CAY69081: PpGHS5 from P. pastoris;
AAA34599: EXG1 from S. cerevisiae;
CAA86951: SOEXG1 from Schwanniomyces occidentalis;
ACP74152: exo-B-1,3-glucanase from Cyberlindnera saturnus.

Strictly conserved residues were high-lighted in red, conserved catalytic
residues R1 (Glu) and R2 (Glu) were marked with “#”. Glycoside hydrolase
family 5 signature fragment were boxed and strictly conserved residues in

this region were high-lighted with blue background.
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Gene of putative exo-B-1,3-glucanase PpGH5 was cloned by a PCR-based
strategy using genomic DNA as template. A PCR product of 1224 bp was
obtained containing a 1197 nucleotide ORF encoding 398 amino acids of
mature protein with a predicted molecular mass of 46.2 kDa. As shown in
Fig.65A, lane 1, the only bright band with a size between 1.0 a 1.5 kb was the
gene obtained. The bright band shown in Fig.65A, lane 1 was cleaned up and
inserted into pJET 1.2 cloning vector for recombinant plasmid construction.

A B M 1 2 3 4

N
—
S——
~———
—
—
—
—_—
—

Fig.65 Analysis of PpGH5 gene application and pAaHBgI-PpGH5

construction.

A: Analysis of gene of PpGH5 obtained from genomic DNA of P. pastoris
GS115 by PCR using specific primers. M: 1 kb DNA ladder (Plasmid
Factory, Germany); lane 1: Gene of PpGH5 (1224 bp);

B: Recombinant vector screening by digestion with restriction
endonucleases. M: 1 kb DNA ladder (Plasmid Factory, Germany); lane
1 to 4, results of four recombinant pAaHBgl-PpGH5 plasmids digested
by Xho I and Not I.

The gene was inserted into the vector pAaHBgl at sites Xho | and Not |

afterward. Two fragments with the sizes about 7.5 kb and 1.2 kb should be
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produced when the gene of interested was inserted correctly, when digest by
Xho | and Not I. The screening results were showed in Fig.65B. All plasmids
analyzed were rightly constructed, confirmed by the two right length cleavage
products. The recombinant plasmid corresponding to Fig.65B, lane 4 was

transformed into P. pastoris GS115 for protein expression.

Transformants were picked from selective agar plate and induced by
methanol for recombinant protein expression in 24-well plates. Supernatants
cultivation were used as crude enzyme samples for SDS-PAGE and activity
assay. The only distinct protein band showing in Fig.66, lane 4 with a molecular
mass about 50 kDa met the predicted PpGH5 molecular weight (46.2 kDa).
Results of protein electrophoresis suggested that lane 4 corresponds to
recombinant PpGH5 successfully expressed in P. pastoris. The activity assay
performed afterwards (see Fig.67) confirmed this hypothesis and demonstrate
that the recombinant PpGH5 was an active enzyme on both laminarin and alkal

treated paramylon.

1 2 3 4 5 M Protein Ladder kDa

-170
-130

-100
-70

-55
-40
-35

-25

Fig.66 SDS-PAGE analysis secreting expression of recombinant PpGH5.
Lane M, PageRuler Prestained protein ladder (Part N0.26616, Thermo
scientific, USA); lane 1-5, 10 pL culture supernatant of recombinant P.
pastoris strains after methanol induction for 120 hours in small scale using

24 square-well plate (section 2.4.4.1).
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Fig.67 Enzyme activity assay from culture supernatants of selected
transformants (PpGH5). Supernatants of selected recombinant P. pastoris
GS115 transformants after methanol induction in small scale using 24
square-well plate (section 2.4.4.1) were tested for exo-B-1,3-glucanase
activity. 100 uL enzyme sample was mixed with 100 pL using alkali treated
paramylon (A, 2.0 g/L, pH=6.5, indicated by black column) and laminarin (B,
2.0 g/L, pH=6.5, indicated by gray column), respectively, and incubated at
37 °C for 15 min. Substrate preparation and enzyme activity assay were

described in section 2.4.5.
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The exo-B-1,3-glucanase hydrolysate was measured by D-Glucose assay kit
and converted to enzyme activity (section 2.4.5.3). After methanol induction in
24-well plate for 120 hours, PpGH5 was secreted as main protein by
recombinant strain No.4 (see Fig.66, lane 4) and generated high activity toward
both laminarin and alkali treated paramylon. Although the total protein
concentration of the crude enzyme was 0.05 g/L, the activity on alkali treated
paramylon was 937.5 IU/L, and 1811.1 IU/L on laminarin. The relative activities
were 18.8 IU/mg and 36.2 IU/mg respectively, which were significantly higher
than recombinant TrGH17 mentioned in section 2.3.6. The enzyme activity
results as well as the SDS-PAGE proved that the exo-3-1,3-glucanase PpGH5
was successfully overexpressed by recombinant P. pastoris GS115-PpGHb5.

The distinctive activity was also showed in the shake flask cultivation.
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Fig.68 Recombinant PpGH5 expression in P. pastoris. Supernatants of
selected recombinant P. pastoris GS115 transformants after methanol
induction using 24 shake flask (section 2.4.4.2) were used as crude enzymes
for exo-B-1,3-glucanase activity assay. 100 uyL enzyme sample was mixed

with 100 pL laminarin (2.0 g/L, pH=6.5) and alkali treated paramylon (2.0 g/L,
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pH=6.5), respectively, and incubated at 37 °C for 15 min. Substrate

preparation and enzyme activity assay were described in section 2.4.5.

PpGHS5 was secreted as the main protein in the supernatant and contributed
anomalous effective hydrolysis activity on both substrates. In general, the
activity was over 5 times higher comparing to the data from multi-well plate
cultivation, due to the more effective protein secretion in shake flask. When
laminarin was used as substrate, activity of PpGH5 increased dramatically to
8522.7 IU/L in the first 72 hours. The increasing behaved steady afterwards,
and achieved the highest activity of 9779.8 IU/L at the time point of 120. The
enzyme hydrolyzed alkali treated paramylon less effectively. After 24 hours
inducing, activity on this recalcitrant substrate reached 2471.6 IU/L. Since then,
the enhancement of enzyme activity achieved 5134.9 IU/L at 120 h in a steady

pace.

However, the overexpression of this exo-B-1,3-glucanase from P. pastoris
performed in this work was not the first implement. In 2006, the enzyme PpGH5
(EXG1 in the literature) was cloned and expressed in P. pastoris X-33 and
showed highest activity toward laminarin was 192 1U/mg (Xu et al. 2006). As
unpurified enzyme was used in this work, the relative activity was about 39.1
IU/mg which revealed a great potential for improving. Despite the un-initiative
expression, this work was the first time confirming PpGH5’s activity on alkal
treated paramylon, which met the original purpose of searching paramylon

degrading enzymes for future biorefinery research.
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3.3 Cloning and expression of recombinant lytic
polysaccharide monooxygenase in P. pastoris

Trail of the newly discovered LPMOs deconstructing paramylon granule were
conducted in this part. Two LPMOs, TrAA9 and from T. reesei and AoAAll
from A. oryzae were cloned and expressed in P. pastoris. Moreover, their
synergistic actions with B-1,3-glucanase were investigated by determining

soluble products generated from paramylon granule.

3.3.1 Extracellular hydrolytic enzyme assay

Biomass of T. reesei and A. oryzae obtained from pre-cultivation was harvest
and transferred to medium with 2.5 g/L paramylon granule as the only carbon
source. These experiments were performed aiming at investigation whether
these microbes could express paramylon hydrolytic enzymes when the
substrate was only available as highly recalcitrant form. The supernatants were
used as crude enzymes for activity assay using alkali treated paramylon and
laminarin as substrates, respectively. The results were showed in the following

figures (Fig.69 and Fig.70).

—— Alkali treated paramylon
08 Laminarin

Reducing sugar equivalent
(mmol/L)

0 24 48 72 96 120 144
Time (h)

Fig.69 Extracellular hydrolytic enzyme assay of T. reesei induced by

paramylon. During cultivation time, supernatants were taken as crude
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enzyme solutions for activity assay (section 2.5.1). 100 pL enzyme solution
was incubated in 1 mL of 1 g/L alkali treated paramylon (pH 6,5) and 1 mL
of 1 g/L laminarin (pH 6,5) for 16 hours at 37 °C, respectively. The reducing
sugar equivalents were measured by 3,5-dinitrosalicylic acid (DNS) method

(section 2.3.5.1).
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Fig.70 Extracellular hydrolytic enzyme assay of A. oryzae induced by
paramylon. During cultivation time, supernatants were taken as crude
enzyme solutions for activity assay (section 2.5.1). 100 pL enzyme solution
was incubated in 1 mL of 1 g/L alkali treated paramylon (pH 6,5) and 1 mL
of 1 g/L laminarin (pH 6,5) for 16 hours at 37 °C, respectively. The reducing
sugar equivalents were measured by 3,5-dinitrosalicylic acid (DNS) method

(section 2.3.5.1).

At the time point of 0 h, crude enzyme samples from T. reesei and A. oryzas
both generated reducing sugars from laminarin and alkali treated paramylon as
reducing sugar equivalent of around 0.1 mmol/L. These reducing products were

probably glucose residual from the step of medium changing. During 144 hours

of cultivation, paramylon granule induced both strains to secret hydrolytic
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enzymes which could degrade [(-1,3-glucan and generating increasing
reducing groups. Enzymes from both T. reesei and A. oryzae supernatants had
stronger activity on laminarin than alkali treated paramylon. After 144 hours
cultivation, hydrolytic enzymes secreted by T. reesei generated reducing sugar
equivalent of 0.8 mmol/L from laminarin in the assay, which was a significantly
higher than 0.49 mmol/L from alkali treated paramylon. The results from A.
oryzae crude enzyme assay showed the same trend. From laminarin and alkali
treated paramylon, 0.45 and 0.30 mmol/L of reducing sugar equivalents were
hydrolyzed, respectively. The cause of this behavior might be the higher
solubility of laminarin than alkali treated paramylon, exposing more accessible
hydrolysis sites for glycosidic hydrolyse enzymes. In addition, enzyme mixture
produced by T. reesei seemed to have better hydrolytic ability on both
substrates than enzymes from A. oryzae, which may indicate the former strain

has better capacity for breaking barrier of recalcitrant substrate.

These results might conform to the hypothesis that some enzymes
deconstructed the crystal form of paramylon providing free polysaccharide
chain ends for glycoside hydrolyses, when the recalcitrant paramylon was the
exclusive carbon source in the medium. Based on current knowledges, the key
enzymes should be LPMOs (Vaaje et al. 2010), although no research confirms
the existence of LPMO which act on 3-1,3-glucan specifically has been reported

unti now.

3.3.2 Cloning and expression of TrAA9 (EGR52697.1)

The nucleotide and amino acid sequences of TrAA9 (also names Cel61A;
GenBank: EGR52697.1) are showing in Fig.22 with a nucleotide sequence of
1035 bp terminated by TAG stop codon, which corresponds to a translation
product of 343 amino acids. Analysis of the amino acid sequence of this LPMO
candidate showed that a N-terminal signal peptide existed which cleavage site
lay between positions 21 (g) and 22 (h) (arrowed in black). The mature protein

148



Results and Discussion

contained one catalytic domain (form aa 22 (h) to 256 (n)) belonging to AA9
and one C-terminal carbohydrate binding domain (from aa 308 (a) to 343 (n))

with a linker (from aa 257 (y) to 307 (p), framed in blue) between.

1 atgatccaga agctttccaa cctccttgte accgcactgg cggtggctac tggcgttgtc ggacatggac atattaatga cattgtcatc aacggggtgt ggtatcagge ctatgatcct acaacgtttc
mig k1 s n1l1lwvw tal ava tgv v gaghg hin divdi ngv wyg aydp t t f

131 catacgagtc aaaccccccc atagtagtgg gctggacggce tgccgacctt gacaacgget tegtttcace cgacgcatac caaaaccctg acatcatctg ccacaagaat gctacgaatg ccaaggggca
p vy e s npp ivv gwt aadl dng fvs pday gnp ddii ¢chkmn atn ak.yg

261 cgcgtctgtc aaggccggag acactattct cttccagtgg gtgccagttc catggccgeca ccctggtcce attgtcgact acctggccaa ctgcaatggt gactgcgaga ccgttgacaa gacgacgett
hasv ¥xag d4d¢ti 1 fgw vpv pwp hpagp ivd y1la ncng dce tvd k tt 1

391 gagttcttca agatcgatqy cgttggtcte ctcageggeg gggatccggg cacctgggec tcagacgtge tgatctccaa caacaacace tgggtcgtca agatccccga caatcttgeg ccaggeaatt
e f f ¥id gvgl 1 s g gdp gtwa sdv 115 nnnt wvv ¥ ip dnla pgn

521 acgtgetceg ccacgagatc atcgegttac acagegecgg geaggcaaac ggegetcaga actaccceca gtgettcaac attgeegict caggeteggg ttctctgeag cccageggeg ttetagggac
y v1 r hedi i al hsa ggamn gaog nyp gc fn iav s gs gs1ag psg v 1g

651 cgacctctat cacgegacgg accctggtgt tctcatcaac atctacacca geecgcicaa ctacatcatce cctggaccta ccgiggtatc aggectgoca acgagtgtig cccaggggag ctcegeegeg
tdly hat dpg v1l1limn iyt sp1l nfjyii pgp tvvy s glp ts v aagg S5 S a a

781 acggccaccg ccagcgecac tgttcctgga ggecggtageg goccgaccag cagaaccacg acaacggcga ggacgacgca ggcctcaage aggcccagct ctacgectcc cgcaaccacg tcggcacctg
t at a s a tvpg ggs gpt s rtt tta rtt gas s rps s tp platt s aop

911 ctggcggecce aacccagact ctgtacggce agtgtggtgg cageggttac agegggecta ctcgatgege gocgeccagec acttgectcta ccttgaacce ctactacgecc cagtgcctta actag
a gg ptgt 1l yg gc¢cg ¢gs gy s gp trc appa tecs tln pyya gcl n -

Fig.71 Nucleotide sequence and amino acid sequence of TrAA9.

As described in section 2.5.2, the PCR based strategy was used for cloning
this putative LPMO. The mature protein was expressed with a 6xhistidine tag
on the C-terminus in P. pastoris. As one intron exited in encoding region, the
cDNA from T.reesei was used as PCR template. A PCR product of 1010 bp
was obtained containing a 1002 nucleotide ORF terminated by a TAA stop
codon, which encoding 333 amino acids of mature protein with a predicted
molecular mass of 34.26 kD. As shown in Fig.72A, lane 1, the bright band about
1000 bp was the target product. Some faint bands smaller than 500 bp were
unspecific PCR products having no influence to the following gel cutting. The
target shown in Fig.72A, lane 1 was than cleaned up and inserted into pJET 1.2

cloning vector for plasmid construction.
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Fig.72 Analysis of TrAA9 gene application and pAaHBgI-TrAA9 construction.

A: Analysis of gene of TrAA9 obtained from cDNA of T. reesei by PCR using
specific primers. M: 1 kb DNA ladder (Plasmid Factory, Germany); lane 1:
Gene of TrAA9 (EGR52697.1, 1010 bp);

B: Recombinant vector screening by digestion with restriction
endonucleases. M: 1 kb DNA ladder (Plasmid Factory, Germany); lane 1 to
4, results of four recombinant pAaHBgI-TrAA9 plasmids digested by Xho |
and Not I.

The gene was inserted into the vector pAaHBgl between sites Xho | and Not
|. To screen the positive constructions, Xho | and Not | were used to digest the
recombinant plasmids pAaHBgl-TrAA9. Two fragments with the sizes of 7.5 kb
and 1.2 kb should be produced when the gene of interest was inserted correctly.
The result was showed in Fig.72B. Three plasmids analyzed were all rightly
constructed, due to the two right length cleavage products (lane 1-3). The result
showing in lane 4 indicated the cloning vector pJET 1.2 with target gene was
transformed into E. coli. The 3 kb fragment had the size of linearized pJET 1.2
vector, and the shorter fragment shared the same size of target gene as other

samples. The recombinant plasmid corresponding to Fig.72B, lane 1 was
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selected to transform P. pastoris GS115 for protein expression. The selection
and small scale cultivation were performed as described in section 2.4.4.1. After
methanol induction for 120 hours, proteins in supernatants were analyzed by

SDS-PAGE (Fig.73).

1 2 3 4 5 6 7 8 9 10 11 12 13 M kDa

Fig.73 SDS-PAGE analysis secreting expression of recombinant TrAA9.

Lane M, PageRuler Prestained protein ladder (Part No.26616, Thermo
scientific, USA); Lane 1-13, 15 pL culture supernatant of six recombinant
P.pastoris GS115 strains after methanol induction for 120 hours in small

scale using 24 square-well plate (section 2.4.4.1).

Lane 5 and 12 revealed positive results out of 13 assayed samples. The
recombinant TrAA9 protein was detected at a molecular mass of about 60 kDa,
which was higher than its calculated mass of 35 kDa due to over glycosylation.
This phenomenon of molecular mass increasing was also reported when the
enzyme was expressed in P. pastoris system by other researches, and the
activity on phosphoric acid swollen cellulose (PASC) was not influenced
generating mainly C1-oxidized cello-oligosaccharides, small amount of C4- and

double (C1- and C4-) oxidized products (Tanghe et al. 2015).

The result indicated a successful TrAA9 expression in P. pastoris using
alpha-mating factor from S. cerevisiae (a-MF) as secretion signal. The

recombinant P. pastoris GS115, that expressed enzyme TrAA9 corresponding
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to lane 5, was selected for further research. Although the LPMO TrAA9 was
confirmed active on carboxymethylcellulose (CMC), barly-glucan,
microcrystalline cellulose (Avicel) and phosphoric acid swollen cellulose (PASC)
(Karlsson et al. 2001), there was still no clear evidence whether TrAA9 could
deconstruct highly crystallized paramylon. The first priority of this part of work
is not to preempt heterogenous expression of this enzyme, but to investigate

TrAA9’s activity on native paramylon by experimental evidence.

3.3.3 Cloning and expression of AoAAl1l (BAE61530.1)

The nucleotide and amino acid sequences of AoAAll, which was the only
characterized LPMO of the newly discovered AAl1l family from A. oryzae
namely AoAAl1l (GenBank: BAE61530.1) (Hemsworth et al. 2014a), were
showed in Fig.74. The nucleotide sequence is 1266 bp long with TAA as stop
codon, encoding a 421 amino acids translation product. In this work, the
AoAA1l mature protein of 220 residues (from aa 20 (h) to 235 (c) in Fig.74,
framed in blue) was selected as the target domain for cloning and expression

following the method in section 2.4.3 and 2.4.4.

The genomic DNA of A. oryzae was isolated as template for obtaining target
gene by PCR using gene specific primers. A PCR product of 696 bp was
obtained containing a 669 bp nucleotide ORF encoding the mature protein and
a 6xhistidine tag at the C-terminus. The predicted molecular mass of AcAAll
was 23.88 kD. As shown in Fig.75A, lane 1, the only bright band represented
the gene amplified from genomic DNA of A. oryzae. The band was cleaned up

and inserted into pJET 1.2 cloning vector for expression vector construction.
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1 atgtttagca aggctttcct ttccgetgect ctgctcggeg ctgccgccgt tgagggtcac atgatgatgg cgcagecccgt tccttacggc aaggacactc tcaacaactc tccacttgcg gecgatggea
nfskaflsaangaaav&glhnmnaqpvpygkfit',r,r,splaadgl

|5dfp:k,,5r,tyc_vtuur,taa;cqsnp,sf;csavhgcgs:qv

131 gtgatttcce gtgcaagttq aggtccaaca cttaccagqt caccgaagaq aacactgeeg ccatcqgbca atcgatgect ctgtctttea ttggtageqe tgttcacgge ggeqgatett gecaggtcag

261 tctgaccacc gaccgtgagc ccacgaagga ctccaagtgg atagtcatca agtcgatcga aggtggatgt cctgccaacg ttgatggtaa tctttctggt ggccccacct ccacgggage ttccaagttc
|5;ttc:5ptka5k\-:iviks;ecc:panvccn;sgqptstcaskf

391 acctacacca tccctgaagg tattgagect ggcaaataca cectcgectq gacttggttc aaccgtatcqg gaaaccgtga gatgtacatg aactgtgece ctettactgt caccggtagt tcttcgaage
|tyt"_[:egiepgkyt'_a':t'\-:fr.:icr::enymr‘.:ap'_tvtgsssk

521 gtgacgaagt tcccaaggag aagacggttg agaagogetc tgctaacttc cctcccatgt tcgtcgccaa tgtgaacgge tgcaccacca aggaaggtgt tgatattcgt ttccccaatc coggttccat
r de v p ke t v e kr s anf ppm £fva nvng ctt keg vddir fpn pags

651 cgttgagtac gctggtgata agagcaacct tgcggctgag ggcagccagg cctgcactgg cacccccaca ttcggtggecg atggtaacac cgccggttce agtggctcat ctggecagttc ttctggaage
|".vayagclk5r.'_aaagscja:|tgtptfggdgr‘.tagssgssgsssgs

781 tcttctggeg getccagctc ttcggetgce ggetccggtg ctactgcace tcecgcgeca geggtttcct cgactttggt ccccaagecct teccagtcct ctgctcetgg tgtetttgte cccaccgget
s s g gs s s s aa gs g ata ppawp avs s tl vpkp sgs sap gvd©Eiv ptyg

911 ctcccgeeca goctacccac accagcgoce cctcgggtgg ctctagectce ggctctggtt ccageotctgg ttccaactct ggetctaget ceggetccag ctcettcctet agetcttect ccagetctag
s pa gpth tsa psg gss s gsg s s s gsmns gs s s g s s s 5 5 s 5 5 5 5 5

1041 tgctctgace ggatctigea getcggaggg aacctggaac tgcattggtg gatcttectt ccagegetgt gecaacggac agtggaccge agtgeageag atggecacty gtactgaatq tactgetggt
galt gsoc s s e gtwn c¢cig gwss f grc ang gw&t avgg mat gte ct ag

1171 caggcctcca acctcaagat caaggccacc aacctcaagc cccgcatgct ccacgagatg cgtcacagga agcgcaacta ccacaaccac gottaa
gas nlkx ikxkat nlkx prm 1 hem rhr krmn y hmnh a -

Fig.74 Nucleotide sequence and amino acid sequence of AOAA1l.

DNA Ladder
bp

Fig.75 Analysis of AOAA1l gene application and pAaHBgl-AcAA1l

construction.

A: Analysis of gene of AOAA11 obtained from genomic DNA of A. oryzae by
PCR using specific primers. M: 1 kb DNA ladder (Plasmid Factory, Germany);
lane 1: Gene of LPMO AoAA11l (696 bp);

B: Recombinant vector screening by digestion with restriction
endonucleases. M: 1 kb DNA ladder (Plasmid Factory, Germany); lane 1:
Results of constructed pAaHBgl-AoAA1l plasmids digested by Xho | and
Not I.
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In Fig.75B, only one plasmid (lane 1) was constructed correctly, confirmed
by the length of cleavage products, which were 7.5 kb and 700 bp. In lane 3
and 4, these two plasmids were vector pAaHBgl. There was only one band in
lane 2, which may due to low loading dosage causing an invisible short
fragment. Therefore, the recombinant plasmid corresponding to Fig.75B, lane
1 was chosen for P. pastoris GS115 transformation. Selection and cultivation
of recombinant P. pastoris were conducted as mentioned before. After 120
hours methanol induction, proteins in supernatants were analyzed by SDS-

PAGE.

Fig.76 SDS-PAGE analysis secreting expression of recombinant AOAA11.

Lane M, PageRuler Prestained protein ladder (Part N0.26616, Thermo
scientific, USA); Lane 1-11, 15 pL culture supernatant of six recombinant P.
pastoris GS115 strains after methanol induction for 120 hours in small scale

using 24 square-well plate (section 2.4.4.1).

By comparing proteins in supernatant from 11 transformers, recombinant
AoAA11l was successfully over-expressed by three of them (Lane 2, 4 and 5),
as a soluble protein. And molecular mass of the target protein was about 24
kDa revealing by the SDS-PAGE, which met the predicted 23.88 kDa. As

reported, AOAA1l was cloned and expressed via periplasmic secretion in E.
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coli (Hemsworth et al. 2014b). The E. coli expressed A0AA1l was active on
chitin, generating aldonic acid oligosaccharides with even-numbered degrees
of polymerization by oxidation at C1, but no activity on other substrates, such

as cellulose and starch. The following work further confirmed this conclusion.

3.3.4 Synergistic Action of LPMO and B-1,3-Glucanase

LPMOs had a major significance in biomass conversion, due to the ability to
boost the activity of classical glucoside hydrolyses. In nature, the most known
renewable material of the second-generation bio-ethanol, cellulose, was
degraded by the cooperation of enzymes, including various hydrolytic enzymes
in different glycoside hydrolase families: endo-glucanase, which created free
chain ends (Ljungdahl 2008); cellubiohydrolase cleaving cellobiose from free
chain ends of substrate (Sanchez 2009), and B-glucosidase which produced
glucose by hydrolyzing cellobiose (Pothiraj et al. 2006). In addition to these
major glycoside hydrolases, the non-hydrolytic auxiliary enzyme, lytic
polysaccharide monooxygenase, was confirmed as a significant member to
improve the substrate conversion to biorefinery products (Courtade et al. 2016).
Mechanism of this boosting effect was assumed as introduction of new chain
breaks in crystalline substrate, providing free substrates for hydrolytic enzymes
and enhancing biomass degradation (Dimarogona et al. 2013). Meanwhile, this
interesting finding offered profound curiosity, whether TrAA9 or AcAA11 could
improve recalcitrant paramylon deconstruction when incorporate with 3-1,3-
glucanases? In this work, trials of synergistic action between LPMO and (3-1,3-
glucanase were performed. Commercial enzyme (laminarinase), endo- and
exo-B-1,3-glucanase expressed in this work were synergistically acted on
paramylon granules with TrAA9 or AoAA11l respectively for 72 hours, followed

by oligosaccharides analysis.

The qualitative analysis of soluble products generated by LPMOs were
commonly performed by two methods. The first method used was matrix
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assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-
TOF MS) which detects oligosaccharides in different degree of polymerization
(Vaaje Kolstad et al. 2010). And the other way was high-performance anion-
exchange chromatography coupled with pulsed amperometric detection
(HPAEC-PAD) (Forsberg et al. 2011). In this method, the compatibility of
electrochemical detection with gradient elution, coupled with the high selectivity
of the anion-exchange stationary phases, allowed mixtures of mono-, oligo-and

polysaccharides to be separated with high resolution.

In this part of work, a convenient and sensitive colorimetric method, phenol-
sulfuric acid method, was applied to determine the oligosaccharides generated
by synergistic action of LPMOs and 3-1,3-glucanases from insoluble paramylon
granule. The concentrated sulfuric acid broke glycosidic bond of
polysaccharides, oligosaccharides and disaccharides to monomers, then
dehydrated the product to hydroxymethylfurfural (HMF). HMF reacted with
phenol generating a yellow-gold colored product which could be measured at
490 nm (DuBois et al. 1956). A microtiter plate format of the method had been
developed for pure sugar, oligosaccharide or polysaccharide solutions in a
sensitive linear range of substrate (1-150 nmol) (Masuko et al. 2005). However,
in enzymatic reaction mixture, the protein concentration may significantly affect
the absorption measurements (Agbenorhevi and Kontogiorgos 2010). The
various amounts of ammonium sulphate, sulphur and carbondioxide produced
by adding sulphuric acid to proteins would interfere with the overall chemistry

of the reactions.

Taking this aspect into consideration, dialysis membranes and vivaspins
were used for reducing the impact of proteins. Small proteins were removed
from the enzyme samples by dialysis using a tubular membrane. Samples
taken at incubation time points of 0 and 72 h were centrifuged using

ultrafiltration spin, which only allowed potentially generated oligosaccharides
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with low polymerize degree to pass the membrane. The collected filtrate was
analyzed then by phenol-sulfuric acid method. For confirming the ability of
TrAA9 and AoAAll to improve the activity of 3-1,3-glucanase on paramylon
granule, laminarinase (100 mg/L) collaborated with TrAA9 and Ao0AAll
respectively. 100 mg/L BSA was mixed with laminarinase as negative control.
Paramylon granule was added to all enzyme combinations to a final

concentration of 1.0 g/L. The detailed procedure was described in section 2.5.3.

Revealing by glucose equivalent, the carbohydrate content produced by
combinations of laminarinase with BSA and TrAA9 both increased. As a
negative control, BSA was incapable of boosting the activity of laminarinase.
The unexpected increasing of glucose equivalent by 47.6 % may due to protein
denaturation after incubation at 37 °C for 72 hours, causing impurities in the
filtrate and affecting the assay. The result of enzyme combination of
laminarinase and Ao0AAl1l even showed a decreasing of 19.0 % in
carbohydrate assay, which further demonstrated that the measurement could

be easily affected and negating AoAA11’s oxidative ability on crystalline

paramylon.
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Fig.77 Synergistic action of laminarinase and LPMOs. Experimental
conditions were described in section 2.5.3.
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Besides that, cooperation of laminarinase and TrAA9 generated a significant
carbohydrate accumulation. The ratio of glucose equivalents increased up to
97.1% to 17 mg/L after 72 h synergistic action between LPMO and (3-1,3-
glucanase, which was most likely a confirming of TrAA9’s activity towards
paramylon granule. Considering that the measurement of glucose equivalent
might be inaccurate, the result from the enzymatic reaction was not sufficient
to draw the conclusion, that TrAA9 actively stimulated the hydrolytic reaction of
laminarinase. But the trend of sharp increasing could be regarded as a sign to

reconsider the substrate specificity of TrAA9.

The facilitating ability of TrAA9 boosting oligosaccharide accumulation from
paramylon granule when acting with recombinant endo- and exo-B-1,3-

glucanase were also investigated.

35 m0h

30 m72h +104.3% +27.3%

Glucose equivalent (mg/L)
N
ol

+10.7%

TrAA9+BSA  TrAA9+Laminarinase TrAA9+TrGH64  TrAA9+PpGH5

Enzyme combination

Fig.78 Synergistic action of TrAA9 and recombinant (-1,3-glucanases.

Experimental conditions were described in section 2.5.3.

As showing in Fig.78, combination of TrAA9 (LPMO) and TrGH64 (endo-[3-
1,3-glucanase) generated a 27.3% ratio of glucose equivalent increasement.

Meanwhile, combination of TrAA9 (LPMO) and PpGH5 (exo-B-1,3-glucanase)
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also slightly enhanced paramylon deconstruction, by additional 10.7 % glucose
equivalent after synergistic action for 72 hours. However, it was suspectable
that these proportions were approaching the error range. Combination of TrAA9
and BSA acted as negative control, resulting a glucose equivalent decreasing
of 19.1%. Nevertheless, as a positive control, combination of TrAA9 and
laminarinase generated the highest conversion, resulting a 104.3 %
increasement of glucose equivalent. It was consistent with the result in Fig.77,

and provoked a keen curiosity over the substrate specificity of LPMOs.

TrAA9 belonged to a cellulose degrading LPMO family AA9, while AcAA1l
was a chitin degrading LPMO family AA11 member. The substrate specificity
of different families was believed maintaining unity, until researchers
discovered that some AA10 members could also degrade cellulose (Forsberg
et al. 2011). Actually, the mechanism of LPMOs’ substrate specificity remained
unconfirmed. Many LPMOs interacted with crystalline substrates at relatively
flat surfaces. AA9 enzymes achieved this binding through interactions with
aromatic residues in the CBM-like motif (Harris et al. 2010a). For AA10
enzymes, the mechanism of substrate binding was revealed through polar
interactions with hydrophilic residues (Aachmann et al. 2012). Since then,
researches generally agreed that the specificity of LPMOs were defined by the
ability of enzymes to bind substrates. In 2014, structures of cellulose-degrading
AA10s were published, revealing a clear configuration difference in active sites,
as SCAA10_C and ScAA10 B resembled active site structure of AA10 and AA9,
respectively (Forsberg et al. 2014b). Furthermore, the cellulose-active SCAA10
(Book et al. 2014) was found binding chitin without degrading function
(Forsberg et al. 2014a). Based on this, it was proposed that enzyme
functionality of LPMOs and substrate binding affinity were hardly correlated, but
that the substrate specificity depended on active center configuration. More
interestingly, EPR spectrum of AoAAl1l appeared to resemble a group of

cellulose-active LPMOs, but had experimentally measured chitinolytic active
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(Hemsworth et al. 2014b). Up to date, the substrate specificity of LPMOs were
mainly based on experimental evidences without generally confirmed criteria,

leaving a challenge of further structural and mutagenesis studies.

After being neglected for decades, LPMO, the oxidative enzyme that degrade
recalcitrant polysaccharides became supreme since its “discovery” in 2010.
The abilities of LPMOs to enhance the biomass conversion and lower the cost
of deconstruction enzyme cocktails made it a milestone in biorefinery field by
deconstructing recalcitrant materials, such as cellulose, hemicellulose, chitin,
and lignin without power consuming physical pretreatments, and synergistically
acting with hydrolases. The combination of LPMO and cellulase resulted in
improvement of glucose yields between two- to eight-fold from cellulose
(Langston et al. 2011). The study of LPMOs continued to progress rapidly, and
kept going deeper in biology and application. But up to date, there was still no
LPMO being confirmed having a substrate specificity for B-1,3-glucans, such
as paramylon. Based on the desire of utilize crystalline paramylon as raw
material for biorefinery production, the challenge is not whether LPMOs should
be used in paramylon conversion, but rather which one can deconstruct the
substrate? Although the results from this work were hardly reliable to answer
this problem, the basic knowledge and recombinant LPMO expression lay the

foundation for further research in this field.
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4. Conclusion and Outlook

As the first part of this work, investigation and partial purification of E. gracilis
extracellular proteins were conducted. Extract prepared from E. gracilis
cultivation in late stationary phase rapidly hydrolyzes alkali treated or 2x
lyophilized paramylon. The 50x concentrated extract showed the highest
hydrolase activity when incubated at pH 5.5 and 37 °C for 16 hours. After partial
purification for enzymes responsible for paramylon degradation, one protein
potentially belonging to glycoside hydrolase family 22 was found. The original
MRNA template was isolated for cDNA library synthesis, and roled as template
in degenerate PCR. However, the full amino acid or gene sequence of the
target protein are yet to obtain. Paramylon as a storage polysaccharide
synthesized by E. gracilis is an important renewable raw material for bioenergy
producing in the future. Although structural changes of paramylon caused by
alkali treatment of native granule increased the hydrolyze activity of cell free
extract, no reaction product was obtained from untreated paramylon. So far,
however, an exo- and one endo-B-1,3-glucanase were reported (Barras and
Stone 1969; Takeda et al. 2015), variety and property of enzymes in the cell
free extract responsible of paramylon degradation still need further research.
Whatsmore, no heterogeneous enzyme has been reported capable of
hydrolyzing paramylon yet, thus leaves numerous choices of paramylon
depolymerizer from biomass conversion microbes, such as T. reeei, Bacillus

subtilis, etc..

The bioconversion of paramylon into simple fermentable sugars requires
synergistic interaction of at least two types of glycoside hydrolases: endo- and
exo-B-1,3-glucanase. Functionally, the endo-B-1,3-glucanase disrupts the
substrate at random internal sites in the polysaccharide, generating chain ends
for exo-B-1,3-glucanase. In second part of this work, six B-1,3-glucanases
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including four endo-B-1,3-glucanases and two exo-B-1,3-glucanases were
selected. The endo-B-1,3-glucanases are from GH family 16, 55, 64, and 81,
and the exo-B-1,3-glucanases are from GH family 5 and 17. These enzymes
were successfully cloned and expressed in P. pastoris, and confirmed their
activities on laminarin, and more importantly, the alkali alkali treated paramylon.
Aside from the exo--1,3-glucanase PpGHS5, all enzymes were expressed in P.

pastoris for the first time.

P.pastoris was reported having many advantages over other expression
systems, including simple molecular manipulation, promising expression, fast
growth, ability for posttranslational modifications, and docility for large scale
fermentation (Li et al. 2007). Recombinant protein expression in P. pastoris can
be improved using various strategies, as protein expression is influenced by
multiple parameters, such as divergence of codon usage, cultivation conditions
including temperature, pH, composition of the culture medium, inducer
concentration, and inducing duration. Codon usage optimization was believed
as a main factor affecting the successful expression of foreign proteins in
different hosts (Saravana Perumal et al. 2016). Codon optimization process
involves retranslating the nucleotide sequence of the wild type gene by
replacing codons having low frequencies in the expression host with more
frequently used ones. Rare codons decrease mRNA stability and translation
rate, while high G+C contents could cause reduced translation rate or failed
expression (Sinclair and Choy 2002). In P. pastoris, codon optimization
technique has been widely used (Akbarzadeh et al. 2014), resulting in
significant improvement of enzyme expression in P. pastoris (Sun et al. 2016).
For further work, strategy of gene condon optimized could be conducted
primarily to improve recombinant protein productivity, as in this work all
enzymes from T.reesei were expressed using wild type genes. Besides this,
cultivation parameters could be optimized by designing experiments using

response surface methodology. The methodology has been widely used for
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studying the interactions of several parameters during biotechnological
processes (Muntari et al. 2012). Recombinant enzymes expressed in this work
were studied preliminarily using supernatant as crude enzymes. With integrated
hexa-histidine tag, purifications could be conducted easily for characterizations.
For instance, the effects of temperature, pH, substrate concentration, metal

ions and inhibitors on enzyme activity.

In this work, endo- and exo-3-1,3-glucanases were expressed and confirmed
their activities on alkali treated paramylon. However, glycoside hydrolases can
hardly act on native paramylon granule. As the last part of this work, two lytic
polysaccharide monooxygenases from T. reesei and A. oryzae were expressed
in P. pastoris. The investigation of synergistic action between LPMOs and
glycoside hydrolases toward native paramylon were performed.  Firstly,
inductions of T. reesei and A. oryzae were performed using paramylon granule
as carbon source. The increasing hydrolytic activities on both laminarin and
alkali treated paramylon along the cultivating duration indicated that these two
microbes expressed enzymes, which were able to deconstruct paramylon.
From both strains, total glucanase activity toward laminarin were significantly
higher than acting on alkali treated paramylon due to the difference of substrate
solubility. And on both substrates, enzymes secreted by T. reesei demonstrated
better hydrolytic ability than A. oryzae. Laminarin was easier to access,
resulting in reducing sugar equivalent of 0.8 mmol/L for T. reesei enzymes and
0.45 mmol/L for A. oryzae enzymes. While using alkali treated paramylon as
enzyme substrate, the result were 0.49 mmol/L for T. reesei enzymes and 0.3
mmol/L for A. oryzae enzymes. In the secreted enzyme cocktail, LPMO is
supposed to be the key role which breaks the barrier of paramylon’s highly-
crystallization. For further confirming the hypothesis, two LPMOs, TrAA9 and
from T. reesei and AoAAll from A. oryzae were cloned and expressed in P.
pastoris. Results from SDS-PAGE revealed that recombinant TrAA9 and

A0AA11 were both successfully expressed in P. pastoris. In the experiment of
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synergistic action of LPMOs and (3-1,3-glucanases, TrAA9 acted as improving
the activity of laminarinase and recombinant B-1,3-glucanases. Particularly, the
combination of TrAA9 and laminarinase yielded an increasing of about 100.0%
glucose equivalent after incubation for 72 hours. On the contrary, the result of
A0AA11 acting on paramylon granule with laminarinase revealed a decreasing
trend. This result confirmed AoAA11’s chitin specificity, and on the other hand,
indicated the unreliability of phenol sulfuric acid method. In future, accurate
analysis method such as MALDI-TOF MS and HPAEC-PAD should be involved
for confirming TrAA9’s enhancing function to p-1,3-glucanases. Additionally,
enzymes are definitely expressed in E. gracilis to deconstruct paramylon for
autotrophic nutrition. The intracellular proteins could be resources for screening
such enzymes. Along with the studied LPMO, for instance TrAA9 in this work,
these enzymes need further research of deconstructing abilities on native
paramylon granule in order to achieve the goal of low-cost and efficient

degradation.
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Appendices

Solutions and mediums

Tris-acetate-EDTA (TAE) stock solution (50x)

Component Concentration
Tris base 242.0 g/L
Glacial acetate acid 5.71% (v/v)
EDTA 9.3 ¢g/L

Tris-glycine stock solution (5x)

Component Concentration
Tris base 15.1 g/L
Glycine 94.0 g/L
SDS 50.0 g/L

TSS stock solution (2x)

Component Concentration
PEG 8000 100 g/L
MgCl2x6H20 6 g/L
DMSO 1% (VIv)
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Coomassie brilliant blue G-250 staining buffer

Component Concentration (1L)
Methanol 450 mL
Glacial acetic acid 100 mL
Coomassie brilliant blue G-250 3049
Deionized H20 450 mL

Silver staining fixer

Component Concentration (1L)
Ethanol 400 mL
Acetic acid 100 mL
Deionized H20 500 mL

Silver staining sensitizing solution

Component Concentration (1L)
Naz2S203 0.2¢
Deionized H20 1L
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Silver nitrate solution

Component Concentration (1L)
AgNO3 19
Deionized H20 1L
35% Formaldehyde 200 uL add before use

Silver staining visualizing solution

Component Concentration (1L)
Na2COs 309
Deionized H20 1L
35% Formaldehyde 500 uL add before use

Silver staining stop solution

Component Concentration (1L)
Acetic acid 50 mL
Deionized H20 950 mL
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LB medium
Component Concentration (1L)
Tryptone 109
Yeast extract 59
NacCl 59
Deionized H20 AddtolL
pH=7.4
YPD medium
Component Concentration (1L)
Peptone 209
Yeast extract 109
400 g/L glucose 50 mL

(sterile by 0.22 um filter)

Deionized H20 Addtol1lL

pH=6.5
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BMGY and BMMY medium

Component Concentration (1L)
Peptone 209
Yeast extract 109
1.0 mol/L Potassium phosphate 50 mL

buffer (pH 6.0)

10x Yeast nitrogen base (YNB) 100 mL
500x Biotin 2mL
10x Glycerol 100 mL for BMGY
10x Methanol 100 mL for BMMY
Deionized H20 AddtolL

pH=6.0
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