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Chapter 1. Introduction

1.1 Carbohydrate-protein interaction

1.1.1 Carbohydrate-binding proteins

Interactions of protein with carbohydrate play pivotal roles in living cells. This
includes degradation of many carbohydrates by enzymes, flocculation and protein
folding. Carbohydrates are stored as energy sources (glycogen, starch, etc.) or
composed cell wall where form the strong foundation in many living cells (B-1,3-
glucans, chitin, cellulose, etc.) [1]. Moreover, some specific proteins such as secreted
protein and/or cell surface protein attach carbohydrates (glycoproteins) to maintain the
protein folds [2], or cell-cell interactions in eukaryotic cells [3].

Carbohydrates are often recognized by the specific proteins with catalytic
function, so-called enzymes, or by non-catalytic carbohydrate-binding proteins.
Investigation on structural features of binding interaction between proteins and
carbohydrates is important not only from the view of biological chemistry, but also
from that of engineering. The carbohydrate-binding proteins with catalytic function
represent various types of carbohydrate-active enzymes which are classified into
glycoside hydrolase (GH), glycosyltransferase (GT), carbohydrate oxidoreductase,
glycosylsynthase, carbohydrate esterase (CE), polysaccharide lyase and membrane
transporter. Non-catalytic carbohydrate-binding proteins often exist as carbohydrate-
binding modules (CBM), which direct the carbohydrate-active enzymes to the

corresponded substrates. Details of carbohydrate-active enzymes and carbohydrate-



binding modules are collected in Carbohydrate-Active EnZymes (CAZy) database

(http://www .cazy.org/).

1.1.2 Classification of non-catalytic CBMs

The non-catalytic carbohydrate-binding modules (CBM) of glycoside hydrolases were
originally defined as cellulose-binding domains (CBDs) [4, 5]. Subsequently, the more
appropriate term of CBM has been introduced to reflect the diversity of specificity for
targeted carbohydrates based on amino acid sequence similarity [6, 7]. The
recognitions of CBMs are expanded to crystalline cellulose, amorphous cellulose,
chitin, p-1,3-glucans, p-1,3-1,4-glucans, xylan, mannan, galactan, starch and other
cell-surface glycans. At present, several thousands proteins are classified into over 64
CBM families in the CAZy database [8, 9]. Many three-dimensional structures of
various CBMs have been solved, which provided foundation to elucidate the binding
mechanisms of these on monosaccharides and oligo/poly-saccharides. Although CBM
family is based on similarity of folding pattern of peptides, this classification does not
necessarily represent the specificity of their ligands. Thereby, a new approach to
predict the specificity of ligands related to possession of the particular fold of CBMs
have been proposed by Boraston et al. [9] and CBMs have been categorized into three
types: ‘surface-binding” CBMs (Type A), ‘glycan-chain-binding” CBMs (Type B) and
‘small-sugar-binding” CBMs (Type C) [9]. These schematic architectures are shown in
Fig. 1.

Type A: The architecture of this type CBM is arguably the most distinct

relative to other carbohydrate-binding proteins. While the presence of aromatic side



chains in the binding sites of CBMs are consistent on the majority of carbohydrate-
binding proteins, the planar binding face is the common architecture of ‘surface-
binding” CBM (Type A). CBMs of family 1, 2a, 3,5, and 10 CBMs belonging to Type
A bind to the flat surfaces of the crystalline form of cellulose or chitin. Type A CBMs
show lower affinity for soluble carbohydrates [10]. The binding energy between Type
A CBMs and crystalline cellulose might be associated with positive entropy of the
adsorption by release of water molecules from the interfaces [11].

Type B: ‘Glycan-chain-binding’ CBMs (Type B) are often described as groove
or cleft-like shapes comprised several subsite pockets able to accommodate the
individual sugar units of glycan chains. The binding affinity is dependent on the
degree of polymerization (DP) of the ligand. The affinity increases up to hexamers,
while the interaction is negligible on the oligomer with DP3 or less. Family 2b, 4, 6,
15, 17, 20, 22, 27, 28, 29, 34 and 36 CBMs are classified in type B, which interact
with individual glycan chains. Direct hydrogen bonds between protein and
carbohydrate play a critical role in the binding mechanism of Type B CBMs as well as
in the stacking effects of aromatic side chain [12-14].

Type C: ‘Small-sugar-binding’ CBMs (Type C) has a binding ability toward
mono-, di-, or tri-saccharides. The sites of Type C CBMs for binding do not
accommodate the extended glycan chains as Type B CBMs. Family 9, 13, 14, 18 and

32 CBMs are categorized in Type C. These CBMs are originally called lectins.
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Fig.1. Schematic representation of the architecture of CBMs. Type A, suface-binding
CBMs; Type B, glycan-chain-binding CBMs; and Type C, small-sugar-binding CBMs
are built up the peculiar binding sites respectively.

1.2 Degradation of cellulose in fungal cellulases

1.2.1 Cellulose structure

Cellulose, the most abundant organic material in biosphere, exists in plant cell wall
with coiled structure of hemicellulose and lignin. The content of cellulose in plant is
40-55 % on a dry-weight basis and the net cellulose production by plants on the earth
is estimated to be more than 100 billion ton/year [15].

Cellulose is the homo-polymer of f-14-linked D-glucose and its degree of
polymerization (DP) is estimated to be over 10,000 in the plant cell wall [16]. Though,
loss of DP is observed during isolation of cellulose, leads DP of cellulose varying from
a few hundred to a few thousand DP even in the best case. The pyranose ring of
glucosyl residues in cellulose chain is rotated 180° relative to adjacent p-1.4-linked
glucose ring, thus the minimum repeating unit of cellulose is cellobiose (Fig. 2, A).
The crystalline form of cellulose in nature is called cellulose I. Each molecular chain
of cellulose is stabilized with intermolecular hydrogen bonds among the adjacent

molecular chains and the flat sheet structure is formed. Vertical packing of the sheets



with van der Waals interactions results in formation of highly-dense crystal structure
of cellulose I (horizonal distance between the sheets is approximately 3.9 A), in which
the entire pyranose rings (hydrophobic face) are exposed on the two (110) corners (Fig.

2,B).
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Fig. 2. Structural formula of cellulose and crystalline form of I,. A: Structural formula
of cellulose chain. The carbon numbers of two glucosyl residues are shown in the
formula. Minimal repeating unit in cellulose is cellobiose (C2). B: Image of crystalline
cellulose I,,. Hydrophobic face is (110) face where pyranose rings are fully exposed to
solvent.

Moreover, cellulose I has been divided in the forms I, or I [17], and their composite
crystal are acceptable in natural cellulose. Cellulose I, could be transformed (Fig. 3) to
cellulose I; by hydrothermal treatment over 220°C in water [18]. Furthermore,
cellulose I (I, and I;) is transformed to cellulose III; by ammonia or ethylenediamine

treatment, and the detailed structure of cellulose III; has been determined [19].
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Fig. 3. Scheme of the morphological change of crystalline celluloses. NH; or EDA
indicate the treatments by ammonia or ethylenediamine, respectively.

1.2.2  Degradation of crystalline cellulose by fungal

cellulases

1.2.2.1 General degradation system

Fungal cellulases have been recognized to be effective degrading crystalline cellulose.
Systematic studies on the degradation mechanism of cellulose by fungal cellulases
started in 1950, by Reese’s group [20]. In this report, it was postulated that native
insoluble cellulose is first disrupted to shorter or linear cellulose chains without
hydrolytic activity by the as called C, element (first step), and the shorter chains are
then hydrolyzed into soluble shorter cellulose chains by the C, element (second step).
Then, soluble cellulose fragments are decomposed to glucose by S-glucosidase (BGL).
This postulation has been called a theory of C,-C, elements (Fig. 4, A). However, C,
enzyme destroys the hydrogen bonds network in crystalline cellulose
(hydrogenbondase) in the C,-C, theory, later, instead of C, enzyme, cellobiohydrolases

(CBHs), which have hydrolytic activities on crystalline cellulose from the chain ends,



were found [21, 22]. Thus, the endo-exo theory has been generally accepted in the
mechanism of degradation of crystalline cellulose. According to this theory, endo type
enzymes randomly break the non-crystalline or amorphous region, and exo type
enzymes (CBHs) hydrolyze cellulose from the end of chains (Fig. 4, B). Moreover, it
have been considered that endo and exo type enzymes act on crystalline cellulose
together, cooperating in the effective degradation of cellulose called enzyme

synergism.
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Fig. 4. The theories of C,-C, and endo-exo in hydrolysis of crystalline cellulose.

(A) A theory of C,-C,. C, component destroys the rigid packed cellulose, producing
shorter and linear cellulose chains. C, component hydrolyzes the glycosidic bonds in
cellulose chains. (B) A theory of endo-exo. Endo-type enzymes hydrolyze
amorphous regions of native cellulose and brake cellulose randomly. Exo-type
cellulases hydrolyze the native cellulose from its chain ends. Co-operation with endo
and exo type cellulases leads to an effective degradation of crystalline cellulose.



1.2.2.2 Cellobiohydrolase I from Trichoderma reesei

Cellobiohydrolase I (CBHI) is the major secreted protein in cellulolytic fungus
Trichoderma reesei culture supernatants, it may constitute up to 60% the total secreted
proteins. The CBHI from 7. reesei (TrCBHI), one of the most studied cellulase, have
two distinct domains, which are the cellulose-binding domain (CBD in CBM family 1)
and the catalytic core domain (CD in GH family 7), connected with O-linked
glycosylated linker region. The CBD is important for the binding to crystalline
cellulose. The lack of CBD from CBHI causes a decrease in degradability of
crystalline cellulose [4, 23, 24]. The distance and/or relative orientation of CD and
CBD are also precious factors for degradation of crystalline cellulose, which depends
on length and arrangement of flexible linker region [25]. The long deletion removing
practically whole linker of CBHI reduces degradability of crystalline cellulose even
though binding properties of the enzyme are almost not altered [25]. Thus, it has been
suggested that the two domains act in concert on the cellulose surface like caterpillar-
like displacement of two-domains [26]. However, recent simulation based on
molecular dynamics shows a different model in which stiff region of the linker was
actually quite flexible [27]. Thus, 7rCBHI is considered an intrinsically disordered
protein. Although the participation of CBD during catalytic activity of CBHI (directly
movement) has not been clarified so far, detection of a single molecular CBHI using
high-speed atomic force microscopy (HA-AFM) has revealed that the CD region
obtained from CBHI by deletion of CBD has a similar velocity to move on crystalline
cellulose as the intact CBHI [28]. Therefore, the processive motion of CBHI is

essentially provided by the function of CD.



Furthermore, kinetic analysis on 7rCBHI corresponding to the surface density
of the enzymes bound on cellulose has led to a concept of productive-binding and
nonproductive-binding of cellulase [29-31]. Productive-binding and nonproductive-
binding are distinguished by differences of the adsorption status of CD and CBD on
cellulose, respectively (Fig. 5).

Ideally, increasing the adsorbed amount of CBHI on the substrate results in a
linear increase of the production of cellobiose. However, further increase of the
adsorbed amount causes a decrease of specific activity (catalytic turnover; min™) of
CBHI and at a certain surface density, it reaches the maximum velocity of cellobiose
production [31]. This results is considered to be a consequence of nonproductive-
binding of CBD inhibiting the proper binding of CD owing to a steric interference on
the surface of cellulose. On the other hand, linear relationship between the adsorption
amount of the enzyme and activity (production of cellobiose/min) was observed in the
result on hydrolysis on filter paper treated with both intact 7rCBHI or CD at 50°C [29].
Since the inhibition by nonproductive-binding might be depended on reaction
temperature, further analytical experiments are needed to understand the relationship

between activity and adsorbed amounts of CBHI.
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Fig. 5. Productive binding and non-productive binding of CBHI from 7. reesei. S and
P indicate cellulosic substrate and cellobiose, respectively.

1.2.2.3 Adsorption studies on cellulases

Cellulases can be adsorbed to solid crystalline cellulose by the faculty of intra-
molecular CBD. Adsorption is a prerequisite for enzymatic action and therefore a
significant parameter to understand the degradation of cellulose. A number of studies
have been published on the adsorption of cellulolytic enzymes on different substrates.
The measurement is usually conducted by depletion methods in which the amount of
bound protein is estimated by subtraction from initial protein concentration to free
protein concentration in the reaction mixture after incubation. A binding isotherm is
constructed by plotting the amount of bound protein (mol/g substrate) on free protein
concentration (mol/L).

Adsorption of cellulases to cellulose is usually observed as a heterogeneous
event. Some cellulosic substrates such as Avicel are heterogeneous on the macroscopic
level and contain interparticular voids or pores. Moreover, cellulose heterogeneity is
determined by crystal defects, and thus the amount of chain ends and amorphous areas
vary depending on cellulose preparation. Some heterogeneity is also brought about by

two-domain structure of the cellulases, which allows many different binding modes
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involving one domain or both domains simultaneously (productive binding and non-
productive binding; see section 1.2.2.2).

The heterogeneity of cellulose-cellulase interaction is tested by the concaveness
of the Scatchard plot derived from the binding isotherm. Concaved Scatchard plot
indicates that the adsorption does not obey the simple Langmuir-type adsorption
involving only a single-binding site with fixed affinity. Stalberg and co-workers
reported that binding data between 7rCBHI and Avicel show the concaveness [23],
and applied the binding data to two-binding site model of the Langmuir-type
adsorption (Table 1). The authors interpreted that fitting to this model is derived from
two-domain structure of CBHI and/or also substrate heterogeneity. Thus, the
quantitative interpretation of two-binding modes of intact CBHI is discussed only
when the heterogeneity is vanishingly small. [31, 32].

However the above-mentioned binding analysis (two-binding site model), many
researchers have used ‘‘relative affinity’” to estimate the affinities of cellulases to
celluloses due to the difficulty of interpretation. When the concentration of free protein
is very small on the Langmuir’s isotherm, the denominator in the equation becomes
near 1, and the adsorption isotherm should be a straight line. The initial slope of the
binding isotherm can be used to estimate the relative affinity even in more complex
binding interactions. Furthermore, a new approach to extend the relative affinity was
presented by Gilkes and co-workers [33]. According to the model, the cellulose
surface is considered as two-dimensional lattice of cellobiose units (C2). The size of a
cellulase molecule exceeds the size of one cellobiose unit and consequently the

potential binding site overlap. Thus the binding depends on the number of protein
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molecules bound and on their distribution on the surface. At very low surface coverage,
one enzyme molecule does not prevent the binding of a second molecule and thus no
precise information is needed on the size, configuration or protein-protein interactions
of the cellulase molecules on the cellulose surface. This model shown in Table 1
enables calculation of relative affinity (K,) and estimation of the number of C2 lattices
occupied by one adsorbate (o). This general idea about two-dimensional overlapping
binding-site is confirmed by computer simulation involving size and shape of

adsorbate [34].

Table 1. Adsorption models used in cellulase-cellulose interaction

Adsorption model Expression Discription
Langmuir (B] = Amax X [F] Amax, maximum adsorption capacity (moles/g-substrate);
. = B
(one-site model) Kaa ™ +[F] [F], free protein concentration (M);

Kaa, affinity constant )

Langmuir A, x [F] A, x [F] Ay, adsorption capacity for site 1 (moles/g-substrate);

= + . . .
(two-site model) Koar' + [F] Ko2' + [F] A2, adsorption capacity for site 2 (moles/g-substrate);

Amax, maximum adsorption capacity (moles/g-substrate);
(Amax = AI + AZ) e P p y ( & )
[F], free protein concentration (M);

Kaai, affinity constant for site 1 M™);

Kadz, affinity constant for site 2 ™M™

Gilkes’ s overlapping (B] = [No] x [F] [No], capacity of available binding sites (moles/g-substrate);
=
site model Kaa™ + ol F] [F1, free protein concentration (M);
(Kr= [No] x Kad) Kaa, affinity constant for site 1 ™,

a, number of lattice units occupied by a single adsorbate;

K, relative affinity (L/g-substrate)

12



1.3 Cellulose-binding domains

1.3.1 Structural features

1.3.1.1 Comparison of bacterial and fungal CBD
A functional domain binding to cellulose was discovered by limited proteolysis of 7.
reesei CBH 1 (TrCBHI, Cel7A) in middle of the 1980s [35]. Following that, the
another several domains have been also confirmed not only in fungal cellulases but
also in bacterial cellulases [4, 5, 36], and the domains were called cellulose-binding
domains (CBDs).

Fungal CBDs belong to carbohydrate-binding module (CBM) family 1 (CBM1).
The structure of the CBD from TrCBHI has been determined two decade ago based on
NMR analysis [37]. The fold of this CBD composed of 36 amino acid consists of
three-stranded antiparallel [-sheet, and has three tyrosine residues forming a planar
face with about 10.4 A distance each other (Fig. 6). The distance is identical to an
interval of cellobiose unit in a molecular chain of cellulose. Furthermore, the structure
of fungal CBDs are commonly stabilized by two or three disulfide bridges within the
compact folds [38]. Deletion of a disulfide bond in the CBDy,cgyy from 7. reesei
CBHII causes decrease affinity to crystalline cellulose, suggesting that the rigidity of
the binding planar face of CBD is a beneficial property to decrease the binding entropy
loss [39].

In addition to fungal CBD, bacterial CBDs belonging to CBM2a and CBM3 are
both categorized to type A CBMs [9], which are composed of approximately 100 and

150 amino acids residues, respectively. Although the protein size and arrangements of
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the aromatic residues in plane face are different among the three CBDs [40], the
importance of these aromatic side chains for the binding to cellulose has been
demonstrated by numerous researchers [10, 40-46]. On the other hand, calorimetric
analysis of binding for bacterial CBD from Cellulomonas fimi Cex (CBM2a, CBD,,)
towards to bacterial microcrystalline cellulose (BMCC) has revealed the
thermodynamic binding character. In the case of binding of CBDg., to insoluble
crystalline cellulose, entropic force by dehydration between the crystalline surface of
cellulose and the binding face of CBD drives the adsorption [11]. The driving force of
entropic adsorption is considered to derive from aromatic residues consist of binding
planar face in both bacterial and fungal CBDs. In addition to the aromatic residues,
hydrogen bonds between polar amino acid residues near the hydrophobic planar face
of CBDs and cellulose also contribute to the interaction in some extent [40]. The
mutations of the polar residues to alanine have been shown to decline the affinity in
part [43,47].

The affinities of bacterial CBDs to any cellulosic substrates mostly show higher
values than fungal CBDs [48-50]. The reason can be explained in part by the different
molecular surface area. The area of binding face of CBD., showed approximately 5.4
nm?, which is much more than deduced from the 3D structure of fungal CBD (2.3 nm?).
Moreover, the differences between bacterial and fungal CBDs are also observed in
adsorption capacities. Bacterial CBDs have much better adsorption capacities than
fungal CBDs toward any celluloses, especially crystalline cellulose, whereas the
binding area of one molecule may thus have much higher than fungal CBDs [49]. The

difference in activity of cellulase brought in different origin of CBD was demonstrated
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using exoglucanase from C. fimi (Cex) [48]. The fusion protein replaced bacterial
CBD in intact Cex to fungal CBD (CBM1) from 7rCBHI had two to three times less
activity than intact Cex on BMCC, and had less binding capacity. Furthermore, the
fusion protein did not release small particle from cotton fibers opposite to Cex
(disruption activity; see section 1.3.2.4). The paradox between protein size and binding
capacities of bacterial and fungal CBDs may be explained by the disruption activity of

bacterial CBDs, thus creating additional surface area for CBD binding.

Fig. 6. Type A CBMs which bind to crystalline cellulose. Aromatic residues and
polar residues in planar binding face are shown in orenge and green with stick-shape.
The representatives of CBM1, CBM2, and CBM3 structures were built using PyMOL
software [37, 40, 51].

1.3.1.2 Phylogenetic analysis of fungal CBDs

A lot of sequences of the CBMI1s were observed in not only cellulases but also
hemicellulases such as xylanase, mannanase, acetylxylan esterase as well as cellobiose
dehydrogenase, chitinase etc [52]. Some of such hemicellulases were confirmed to
adsorb to crystalline cellulose [53, 54]. Moreover, the presence of CBDs in plant

polysaccharide hydrolysing enzymes which do not hydrolyze cellulose seems to be
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common in fungi and also reported for bacterial enzymes. It has been considered that
hemicelluloses are closely associated with cellulose in plant tissues [55], and the
presence of CBDs in hemicellulases could help in bringing the enzyme closer to its
substrate [56]. However, it has been also reported that the presence of fungal CBD did
not give any significant role in the catalytic reaction [53].

The origin of this domain has been considered to predate the origin of the
Dikarya, which estimated by using CAFE only because these domains are only about
40 amino acids in length (They contain insufficient phylogenetic information for
topology-based gene tree/species tree reconciliation analyses) [57]. Therefore, I show
consensus sequence logos of CBMIls and preliminary phylogenetic tree. The
consensus sequence logos were drawn by use of Weblogo 2.8.2 server with respect to
each preferential substrate for the catalytic domains (Fig.7, A). The phylogenetic tree
of most probable sequences estimated by Weblogo was prepared by using MEGAS,
and detail was shown in the figure’s legend. There is no clear distinction among CBDs
attached to cellulases and hemicelluloses containing GHS, 6,7, 10, 11, 45, and 61 (Fig.

7, B), but not chitinases (GH18) and acetylxylanesterases (CES).
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Fig. 7. Consensus sequences and phylogenetic tree of CBM1s. A: Consensus sequence
logos were createed with respet to each inferred preferencial substrates for catalytic
domains by using Weblogo 2.8.2. Used number of each sequence are also shown next
to the substrate name. B: The evolutionary history was inferred using the Neighbor-
Joining method [58]. The optimal tree with the sum of branch length = 2.98096938 is
shown. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the branches [59].
The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances
were computed using the JTT matrix-based method [60] and are in the units of the
number of amino acid substitutions per site. All positions containing gaps and missing
data were eliminated. There were a total of 36 positions in the final dataset.
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Evolutionary analyses were conducted in MEGAS [61]. A clear divide of CBM1s as
basis of the catalytic partners was not obtained inside of enclosure shown.

1.3.2 Physicochemical properties

1.3.2.1 Reversibility

The reversibility of binding of these CBDs has been investigated not only from
the view point of carbohydrate-protein interactions but also the applications for
immobilization or simplification of CBD fusion proteins on cellulosic materials. CBDs
belonging to CBM family 1, 2a, 3 and 9, which have binding activities to insoluble
celluloses (amorphous and crystalline celluloses), are important for the above
application [62-66]. As an exploited example, immobilization of the CBDy, gy fusion
protein comprising a single-chain antibody fragment against 2-phenyloxazolone on
bacterial cellulose could not be eluted by any solvent except for denaturing agents
(urea, guanidine chloride, SDS or extreme pH) [38]. Moreover, the irreversible
binding has been more improved by using ‘double CBD’, which means the connection
of CBDs from T. reesei CBHI and CBHII with a linker peptide [67]. Besides these
examples of fungal family 1 CBDs, it have been reported that CBDc, fused
Caldocellum saccharolyticum [3-glucosidase or its isolated CBD were partially eluted
only with 6 M-guanidine hydrochloride [49], or CenAAPT in which linker region is
deleted from intact CenA could not be eluted from Avicel by water [68]. Thus, the
binding behavior of these CBDs to crystalline cellulose seems to be ‘quasi’
irreversible. However, it has been confirmed that $-glucosidase harboring fungal CBD

from Phanerochaete chrysosporium or intact TrCBHI could be partially desorbed by
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distilled water or elevated pH, and something by chaotropic agents (glycerol) in nature
protein fold [69, 70]. As well as CBM1 CBD, it has also been reported that CBM2a
and CBM3 are eluted in part by distilled water [8, 48]. Furthermore, the fact that the
adsorption of the CBDy,cpy to crystalline cellulose is truly reversible in batch
condition has been confirmed by Linder et al. [71]. Although the reversibility of CBDs
from cellulose have been under going, these occasionally irreversible binding is
considered that the intrinsic reversibly binding of CBDs tagged fusion proteins are
influenced by its fusion partner in which interact to cellulose or shakiness of the whole

protein.

1.3.2.2 Localization

Great interest in interaction of crystalline cellulose and CBDs is ‘“Where do
these CBDs adsorb on the crystalline face of cellulose?’’. It has been generally
accepted that the planar ring-ring stacking interaction between the aromatic side chains
of CBDs and pyranose rings of hydrophobic face manages the interaction. Thus, CBDs
are thought to be bound to hydrophobic 110 face of crystalline cellulose, where the
pyranose rings are fully exposed to solvent [38, 40, 72]. Though, it has been
considered that these CBDs can also interact to hydrophilic faces of the crystal, since
the binding amounts of CBD are too small when compared with the estimated surface
area of the hydrophobic face of perfect crystal [43]. The experimental facts that these
CBDs are almost completely bound to hydrophobic face of crystalline cellulose have
been confirmed by single molecules detections using transmission electron microscopy

(TEM) or total internal reflection fluorescence microscopy [73-75].
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1.3.2.3 Behavior of CBDs on cellulose

The vigorous doubt whether or not these CBDs can move on cellulose surface
has been investigated. The movements of bacterial family 2 CBDs, namely CBDc,
and CBDc., have been verified by means of fluorescence recovery after
photobleaching (FRAP) technique. The fluorescent labelled CBDs bound on cellulose
were moved to photobleaching area without clear dissociation from cellulose,
indicating that these CBDs are diffused or sliding over a surface of crystalline
cellulose [76]. Another demonstration comprising the diffusion of the CBDs by means
of single molecule technique using quantum dots (QDs), CBD from Acidothermus
cellulolyticus GuxA (CBM2) and CBD from C. thermocelum CipA (CBM3) exhibited
a linear and directional motion along the cellulose crystal [77]. These findings indicate
that CBDs may have the ability of sliding over a hydrophobic binding surface of

cellulose.

1.3.2 4 Disruption activity of cellulose

In addition to the significant function of CBDs which leads the catalytic core
domain to insoluble substrates, there has also been indicated that CBD., acts as
disruption activity of insoluble cellulose fiber (cotton) without hydrolytic activity, but
not to BMCC [78]. The disruption ability of the CBD has been thought synergistic
action with its catalytic domain involving hydrolysis, which called intramolecular
synergism [78]. Such a disruption phenomena or dispersion of insoluble cellulose have
been also observed over CBM1 CBDygg from T. reesei endoglucanase 1 (Cel7B),

CBM2 CBD¢,,x and CBM3 from Thermomonospora fusca E4 [25,79, 80].
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1.4 Aim of thesis

Fungal family 1 cellulose-binding domain (CBD) has a function to increase the local
enzyme concentration on cellulose surface. The function is considered to be essential
for efficient degradation of crystalline cellulose by CBHI, whereas it also provides a
nonproductive-binding of CBHI on the surface of cellulose. Thus, reduction of
nonproductive-binding by CBD would improve degradability of CBHI for crystalline
cellulose. For this purpose, it is important to understand the binding mechanism and
characteristics of CBD on crystalline cellulose.

I tried first to prepare the chimeric proteins by genetic recombination of red-
fluorescent protein (RFP) and CBDs without CD of CBHs as shown in Fig. 8. In the
second step, the fusion proteins were purified by affinity column chromatography of
cellulose utilizing this family of CBM as affinity tags. Finally, analysis of the binding
behavior of the fusion protein was conducted in order to demonstrate the adsorption

kinetics on the nonproductive-binding of CBHI.

red-fluorescent protein (RFP)

hydrophobic surface

cellulose-bifidine-domain (CBD'

Fig. 8. Image of CBD fusion protein used in this study.
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Chapter 2. Production of fusion proteins

2.1 Introduction

Fungal cellulases often carry cellulose-binding domain (CBD) belonging to
carbohydrate binding module (CBM) family 1. However, while the CBD binds to
crystalline cellulose without hydrolytic activity, the catalytic domain (CD) attached to
the CBD also binds to the cellulose via its substrate-binding site. Thus, in order to
analyze the function of CBD precisely, fusion protein (chimeric protein) was used in
which the CD was replaced by a fluorescent protein (FP) to avoid the interference of
the CD binding. CBD fusion protein has an advantage because its size is similar to
cellulase molecule. Moreover, it is expected that precise measurement of the protein
concentration can be achieved by measuring the intensity or absorption of fluorescence
originated in the fluorescent protein. Since the linker region of fungal cellulases are
often having O-glycosylated, eukaryote expression system is needed to mimic the
fungal cellulase. Therefore, I examined the production of fusion protein of the
monomeric red FP (RFP) with four types of fungal CBDs at N- or C-terminus in the

Pichia pastoris expression system.

2.2 Materials and Methods

2.2.1 Chemicals and strains

All the chemicals used in this study were laboratory grade from WaKo Pure Chemical

Industries, Ltd. (Osaka, Japan) or Sigma-Aldrich (St. Louis, USA). Escherichia coli
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strain JM109 was used as bacterial host for DNA cloning, pCR4Blunt-TOPO vector
and the oligonucleotides were purchased from Invitrogen (Carlsbad, CA). For the
protein expression, methylotoropic yeast Pichia pastoris KM71H and transforming
vector and pPICZaA were purchased from also Invitrogen. Restriction enzymes and
DNA ligase were obtained from TaKaRa Bio Inc. (Japan), and KOD plus DNA
polymerase from TOYOBO CO., Ltd. (Japan) was used in polymerase chain reaction.
Also pDsRed-Monomer vector coding monomeric red-fluorescent protein (RFP) was

purchased from TaKaRa Bio Inc. (Clontech).

2.2.2 Plasmids construction

All of the fusion proteins used in this study were constructed by replacement of the
catalytic core domain of cellobiohydrolases with RFP. Four types of CBD containing
native linker regions were PCR-amplified with plasmid vector harboring four types of
fungal cellobiohydrolases which had previously been cloned in our laboratory. The
genes coding C-terminal CBDs from T. reesei CBHI (TrCel7A) and CBHS58 from
Phanerochaete chrysosporium (PcCel7D), and the genes coding N-terminal CBDs
from T. reesei CBHII (TrCel6A) and CBHS50 from P. chrysosporium (PcCel6A) were
amplified by PCR with primers of 5-6 for 7rCel7A and 9-10 for PcCel7D or with
primers of 7-8 for TrCel6A and 11-12 for PcCel6A, as listed in Table 1. The PCR
products were ligated into Blunt-TOPO vector by manufacturer’s instructions.
Following the same operation, RFP genes designed to connect at N- and C-terminus of
the fusion proteins were amplified from pDsRed-Monomer with primer set 1-2 and 3-4

and also sub-cloned into Blunt-TOPO vector. These inserts ligated into Blunt-TOPO
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vector were applied to DNA sequencing after mini-preparation of the plasmids.
Designed Blunt-TOPO/CBDs and Blunt-TOPO/RFPs were double-digested as well as
E. coli-P. pastoris shuttle vector pPICZaA using restriction enzymes sets EcoRI-Kpnl
or Kpnl-Nofl as listed in Table 1. These genes were ligated simultaneously into the
digested pPICZoA after separation by agarose-gel electrophoresis, as down the stream
of a-factor signal sequence that to be expressed in culture medium. E. coli IM109
were transformed by use of the ligated products, and zeocin resistant transformants

were selected on low-salt LB agar plates supplemented with 200 ug/ml zeocin.

Table 1. Primers used in this study to amplify genes coding CBD-tagged RFP fusion
proteins.

Primer name Primer (5' — 3') Restriction enzyme
DsRed-C terminal type-forward (1) TTTGAATTCAAAAGAATGGACAACACCGAGGACGTCATC EcoR1
DsRed-C terminal type-reverse (2) TTTGGTACCCTGGGAGCCGGAGTGGCGG Kpnl
DsRed-N terminal type-forward (3) TTTGGTACCATGGACAACACCGAGGACGTCATC Kpnl
DsRed-N terminal type-reverse (4) TTTGCGGCCGCCTACTGGGAGCCGGAGTGG Notl
TrCBHI-C terminal type-forward (5) TTTGGTACCGGCAACCCTAGCGGCGGC Kpnl
TrCBHI-C terminal type-reverse (6) TTTGCGGCCGCTTACAGGCACTGAGAGTAGTAAGGG Notl
TrCBHII-N terminal type-forward (7) TTTGAATTCAAAAGACAAGCTTGCTCAAGCGTCTGGG EcoR1
TrCBHII-N terminal type-reverse (8) ~ TTTGGTACCCGATCCGACTGGAGGTACTCTG Kpnl
PcCBHI-C terminal type-forward (9) TTTGGTACCTTCAGCGGCACCTCCTCCC Kpnl
PcCBHI-C terminal type-reverse (10) TTTGCGGCCGCTTAGTAGCACTGCGAGTAGTAAGG Notl
PcCBHII-N terminal type-forward (11) TTTGAATTCAAAAGACAGGCGTCGGAGTGGGGAC EcoR1
PcCBHII-N terminal type-reverse (12) TTTGGTACCCGACGGAGGAGGAGGAGGG Kpnl

The restriction enzymes sites are underlined. Kex2 protease cleavage site (AAAAGA)
or the terminal codon site are shown in bold italic.
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2.2.3 Expression of fusion proteins

The constructed plasmids named pPICZaA/RFP-CBDy,cpy,  pPICZaA/RFP-

CBDp.cguis,  pPPICZoA/CBDy,cpun-RFP, pPICZaA/CBDp,cpun-RFP  were used for
transformation of P. pastoris cells with the standard electroporation procedure
described earlier [1]. Zeocin-resistant transformants were cultured in 200 ml of fresh
YPG medium (YPG, 1% yeast extract, 2% polypeptone, and 1% glycerol, w/v) in
scale of 500 ml-erlenmeyer flask for one day at 30°C with shaking at 150 rpm. The
microbial cells in culture mediums harvested by centrifugation for 7 minutes at 1,750
g were washed by 40 ml of distilled water at twice, and then suspended in 40 ml of
induction medium (YP, 1% yeast extract, 2% polypeptone, w/v). In order to induce the
fusion proteins, 500 ul of 100%-methanol was added in the induction mediums for one
time a day. The fluorescent intensity and protein concentration of the supernatants of
each culture were measured over six days after the first methanol addition. The
fluorescent intensity of medium was measured by Fluoroskan Ascent Microplate
Fluorometer (Thermo Fisher Scientific Inc., Japan) with filter pair (excitation at 544
nm and emission at 590 nm). 180 ul of 100 mM sodium phosphate buffer (pH 8.0)
were added to 20 ul of the supernatant of each culture media in 96-well black micro-
plate (Costar, Product Code 3925), and the plate was subjected to fluorescent
measurement after incubation for 5 min at room temperature. Protein concentrations
were assayed by Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc.). SDS-PAGE
analyses of the each culture medium were performed as the standard procedure in our

laboratory [2] to evaluate the expression.
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2.3 Results

Fusion proteins connected with four CBDs were secreted in culture medium by all
transformants after methanol addition. The production levels of proteins were followed
by protein assay and fluorescent intensity measurement. The concentrations of all
CBD-RFPs in the medium had been increasing over the 6 days period (Fig. 1, A and
B). The relative fluorescent intensities toward to protein concentration of all expressed
proteins increased untill day four and then remained unchanged (Fig. 1, C). The
concentrations of RFP-CBDy,cgmi, CBDy,cpun-RFP, RFP-CBDp e and CBDp -
RFP fusion proteins reached on day 6 were 1.2 g/L., 0.18 g/L, 1.0 g/L and 0.79 g/L,
respectively. The production level of CBDy,cgu-RFP was lesser relative to other
fusion proteins. The molecular weights of the proteins as estimated by SDS-PAGE
analysis were approximately 40 kDa, 48 kDa, 43 kDa and 52 kDa for the CBDy,cggi,
CBDy,cguis, CBDpecpur and CBDpcpunr fused proteins, respectively (Fig. 2, C).
Predicted molecular weights for CBDy,cgu, CBDyvcgmr, CBDpecgmr and CBDp cppn
fused proteins without any glycosylation were 32.2 kDa, 33.8 kDa, 32.2 kDa and 33.7
kDa, respectively, and the number of predicted O-linked glycosylation sites in linker
regions were 12, 23, 17 and 28 in the same order, which the glycosylation sites agreed

well with the observed molecular weights.
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Fig. 1. Production of various CBD fusion proteins. Protein concentrations (A) and
fluorescence intensity (B) in culture media. Relative fluorescence intensities of CBD
fusion proteins are also shown (C). RFP tagged with CBDy,cgyr and CBDy,cpyy are
shown with filled and open circles, respectively, and RFP tagged with CBDp gy and
CBDp.cgunr are shown with open and filled triangles, respectively. Negative control
without transformation is shown with closed squares. The symbols are also shown in

inset of panel A.
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Fig. 2. Construction of expressed fusion proteins and SDS-PAGE results. (A) Domain
constructions of RFP C-terminally fused with CBDs from 7. reesei CBHI and P.
chrysosporium CBHS58 and N-terminally fused with CBDs from 7. reesei CBHII and
P. chrysosporium CBHS50. Native linker regions of these cellobiohydrolases were used.
(B) The amino acid sequences of CBD and linker regions. Boldface type indicates
CBD sequences. The linker regions and the sites of restriction enzyme Kpnl (Gly-Thr)
are shown in underlined and italic letters, respectively. (C) SDS-PAGE of culture
media containing expressed fusion proteins. Samples of approximately 10 ug were
separated on 12.5% (w/v) polyacrylamide gel. Lane M, molecular weight standards:
sizes are shown to the left; lane 1, RFP-CBDy,cpy; lane 2, CBDy,cpun-RFP; lane 3,
RFP-CBDycpy;; lane 4, CBDp cppn-RFP.
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2.4 Discussion

High-level secretions of the CBD fusion proteins into the culture medium were
achieved in a P. pastoris expression system. Production levels of fusion proteins in the
culture medium reached 1.2 g/ (RFP-CBDy,¢py;). Reinikainen and co-workers have
reported expression of a similar fusion protein in E. coli [3], OxscFv-CBDcgy;, with
the CBD from T. reesei CBHI, but the production level obtained in a fermenter
cultivation was only 0.09 g/L.. The genome of P. pastoris has been disclosed recently
[4], and several genes are predicted to carry a family 1 CBM, such as mlp gene coding
hypothetical yeast flocculation protein and hypothetical glycoside hydrolase family 45
endo-glucanase. These results indicate that P. pastoris is a suitable host for the
production of fusion proteins with a fungal CBD. The observation that production of
CBDy,cgunr Was lower than that of other CBDs might reflect difficulty in correct
protein folding, since CBD,cgy has three putative disulfide bonds [5, 6], whereas
other family 1 CBDs have only two putative disulfide bonds. At any rate, the
expression of fungal CBD-tag with fusion proteins of interest using P. pastoris might

be provided a success procedure for industrial manufacturing.
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Chapter 3. Cellulose Affinity Purification

3.1 Introduction

The production of CBD fusion proteins was successful and the details were described
in chapter 2. In this chapter, I focused on the potential application of CBD, and
investigated the feasibility of purification of fusion proteins. The most realistic
application is their use of affinity chromatography. Although oligo-histidine,
glutathione S-transferase (GST), and maltose-binding protein (MBP) have been used
as affinity tags for the purification of fusion protein [1-3], they all can be considered
for high cost affinity purification systems which is a common disadvantage. In fact
CBD can be genetically fused to a protein of interest for specific binding to cheap and
versatile cellulose matrices, suggesting that CBD-tags have a potential for affinity
purification and/or immobilization using ‘inexpensive’ cellulose matrices [4-8].
Bacterial CBDs have often been used as the affinity tags with the combination of
Escherichia coli protein expression system, and the CBD,, (CBM2a) or CBDg,a
from Cellulomonas fimi and CipA CBD (CBM3) from Clostridium spp. became
commercially available [9-13]. In contrast, fungal CBDs belonging to CBM family 1
are not common as a tag for fusion protein maybe because of their inability of
heterologous expression in E. coli system. Although CBD from cellobiohydrolase I
from Trichoderma reesei (CBDy,cpy) has been used for cellulose affinity
chromatography [14-16], the application of the system is quite limited.

CBDs belonging to CBM family 1 share common feature of rather small

molecular weight with less than 40-amino acids residues (approximately 3 kDa), with
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two dithiol bonds in the domain, and they contain three hydrophobic amino acids,
which form a hydrophobic flat face to bind a hydrophobic surface of crystalline
cellulose [17, 18]. Various reports describe apparent reversible adsorption of fungal
CBD on cellulose [16, 19, 20]. Therefore, fungal CBDs could be suitable for affinity
purification of fusion proteins, if the proteins are correctly folded during protein
production.

In this study, I examined the feasibility of protein purification by means of
expression of a target protein as an N- or C-terminal fusion protein with CBM family 1
CBDs from fungal cellobiohydrolases (CBHs) in the methylotropic yeast Pichia
pastoris, followed by affinity separation of the fusion protein on a cellulose column.
The affinity of the fusion protein for the cellulose column was enhanced by the
addition of kosmotropic salt, ammonium sulfate, and the fusion protein could be easily
eluted with water. Expression level, extent of purification (fold) and purification yield

were compared among CBD-tagged fusion proteins.

3.2 Materials and Methods

3.2.1 Chemicals

All chemicals used in this study were laboratory-grade products from WAKO Pure
Chemical Industries, Ltd. (Osaka, Japan) or Sigma-Aldrich (St. Louis, USA).

Cellulose powders, CF11 (fibrous), CC31 and CC41 (microgranular) were from
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Whatman Ltd. (England) and Avicel (Funacel II, average grain size 80 um) was from

Funakoshi Ltd. (Tokyo, Japan).

3.2.2 Production of CBD fusion proteins

The production of all fusion proteins was described in chapter 2.

3.2.3 Purification of RFP-CBDy, py; with a CC31 column

The crude extracellular proteins obtained by centrifugation (6,000 g, 30 min) were
loaded onto a manually packed CC31 cellulose column (¢10 x 20 mm) and eluted with
distilled water at 25°C. The protein sample containing 1 M ammonium sulfate was
also loaded on the column, which had been pre-equilibrated with the same
concentration of ammonium sulfate, and the column was washed with 1 M ammonium
sulfate solution then eluted with distilled water.

The crude fusion protein sample (1.0 ml, approximately 0.5 mg/ml) was applied
to a CC31 column (¢10 x 50 mm) and eluted with water at the flow rate of 0.5, 1.0 or
1.5 ml/min after a 5 min wash with 1 M ammonium sulfate at 4°C, in order to examine
the effect of flow rate. The effect of column volume (CV) was examined with the
same protein sample, using $10 x 20, $10 x 55 and ¢$30 x 90 mm columns (CV=1.6,
4.3 and 60 ml, respectively), which were washed with 3 CV of 1 M ammonium sulfate
and then eluted with distilled water at 1.5 ml/min. Purity of the product and

purification yield were determined by measurement of fluorescence intensity and
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protein concentration of the collected fractions and loading samples, as described

above.

3.2.4 Characterization of celluloses as affinity column

materials

The performance of crystalline celluloses (CF11, CC31, CC41 and Avicel) as cellulose
affinity column chromatography materials was tested with a manually packed open
column (¢10 x 5 mm) using RFP-CBDy,cg;- The cellulose columns were equilibrated
with 1 M ammonium sulfate after being washed with sufficient water to remove fine
cellulose particles, followed by the loading of protein samples (0.16 mg/ml, 1 ml) in
the presence of 1 M ammonium sulfate and washing with 12 CV of the same solution.
RFP-CBDy,cy; was eluted with 12 CV of distilled water. To estimate the binding
capacity of celluloses, protein loading was increased until red fluorescence was
detectable in the collected fractions. The fluorescence intensity and protein
concentration of each fraction were measured with a Fluoroskan Ascent Microplate

Fluorometer and a Bio-Rad Protein Assay kit, respectively.

3.2.5 Purification of RFP-CBDs on an Avicel column

Avicel was suspended in at least ten times its weight of water, and the supernatant,
containing fine cellulose particles, was removed. This was repeated 5 times until the
supernatant was clear, and the rinsed Avicel was packed into open columns (¢10 x 10

mm). RFP-CBDy,cgur, -CBDy,cgmirs “-CBDpocphrs -CBDp.cpan Were purified on columns
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prepared in this way at 4°C or 20°C. The fluorescence intensity and protein
concentration of the elute fractions and loading samples were measured as described
above.

A sample of RFP-CBDy,cgy Was subjected to Avicel column chromatography
with a stepwise gradient elution from 1 M ammonium sulfate to distilled water (as in
hydrophobic chromatography). Purified RFP-CBDy,c5y in the presence of 1 M
ammonium sulfate was loaded onto the column, which was washed with 12 CV of 0.5
M ammonium sulfate, followed by 12 CV of 0.25 M ammonium sulfate and 12 CV of

0.125 M ammonium sulfate, and finally eluted with distilled water.

3.2.6 Adsorption and desorption analysis of RFP-

CBDTrCBHI

RFP-CBDy, gy purified on a cellulose column was cleaved by treatment with papain
and the RFP region without the CBD-linker region was purified on a DEAE column.
Its purity was confirmed by SDS-PAGE analysis. The prepared RFP region and bovine
serum albumin (BSA), in addition to intact RFP-CBD, ¢y, Were subjected to Avicel
column chromatography (¢10 x 50 mm for BSA, ¢10 x 5 mm for other samples) under
the same conditions described above. These proteins samples were also subjected to
chromatography on a phenyl-Toyopearl 650S column (¢10 x 5 mm) equilibrated with
I M ammonium sulfate; the column was washed with the same solution and

immediately eluted with distilled water. The fluorescence intensity and protein
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concentration of fractions were measured to evaluate the loss during washing with 1 M

ammonium sulfate and the yield on elution with water.
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3.3 Results

3.3.1 Cellulose affinity purification of RFP-CBDy, pu,

fusion proteins

All fusion proteins constructed in the present study were secreted into the culture
medium of P. pastoris, as shown in chapter 2. The crude RFP-CBDy,cgy; fusion
protein (culture filtrate) was directly loaded onto a cotton cellulose (CC31) column,
and eluted with water from the column. When the protein sample was loaded in the
presence of 1 M ammonium sulfate after equilibration of the column with the same
solution, the fusion protein was apparently bound in the upper part of the column, and
was not desorbed during further washing with 1 M ammonium sulfate. The protein
was eluted immediately when distilled water was employed, as shown in Fig. 1. The
yield of RFP-CBDy, gy varied depending on the flow rate, and 36, 52, and 49% of the
applied protein was recovered at the flow rates of 0.5, 1.0 and 1.5 ml/min, respectively.
The volume of the column also affected the yield, and 61, 54 and 25% of the loaded

protein was recovered from 1.6, 4.3 and 60 ml CC31 columns, respectively.
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Fig. 1. Separation of RFP-CBDy,cgy; on a CC31 column equilibrated with 1 M
ammonium sulfate and eluted with distilled water. Upper: Fluorescence intensity of
fractions during separation; bottom: changes of color upon adsorption and desorption
of the fusion protein. The numbers of pictures correspond to those in upper
chromatogram.

3.3.2 Characterization of celluloses as affinity column

materials

The culture filtrate containing RFP-CBDy, gy was diluted to 0.16 mg/ml with distilled
water containing 1 M ammonium sulfate and loaded onto columns of four types of
cellulose (CF11, CC31 and CC41 from cotton, and Avicel from wood), followed by
elution by water. As shown in Table 1, the yield varied from 43% (CF11) to 79%
(Avicel) although the extent of purification (fold) was similar in all cases. Purity, as
assessed by SDS-PAGE analysis, was almost the same in all cases, as shown in Fig. 2.

As shown in Table 1, the maximum capacity of the column for the fusion protein was
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greatest on Avicel, followed by cotton celluloses with small particle size
(CC41>CC31>CF11). The yields and purities of the fusion protein using CC31 and
Avicel were similar, whereas the maximum capacity of Avicel was about 5 times

higher than that of CC31.

Table 1. Comparison of cellulose matrices as affinity materials for CBD-tagged fusion
protein.

Maximum desorption capacity

Protein Total Specific Total . .
. . Yield Purity
Cellulose concentration  protein fluorescence  fluorescence (%)  (Fold) . . .
(mg/ml) (mg) (Fl/mg) (FI) 0 Volume basis Weight basis
(mg/ml-cellulose) (mg/g-cellulose)
0.16 0.16 1.8x10° 2.8x10? 100 1.0
CF11 0.017 0.058 2.1x10° 1.2x10? 43 1.2 0.54 24
CC31 0.026 0.090 2.1x10° 1.9x10? 68 1.2 0.89 2.2
CC41 0.022 0.077 2.4x10° 1.9x10? 68 1.5 14 34
Avicel 0.031 0.094 2.3x10° 2.2x10? 79 1.3 4.8 17

RFP-CBDy,cgy; Was used for the evaluation. Crude solution of RFP-CBDy, gy in the
presence of 1 M ammonium sulfate was loaded onto four kinds of cellulose column
equilibrated with the same solution at room temperature (22°C).

CF11 CC31 CC41 Avicel
T MWE WE WE WEM

kDa

100 — - e = =

50— - —
_ e © ! .

| 2 B

25— - -3 —

20—

Fig. 2. SDS-PAGE of unbound and bound fractions after separation on various
cellulose matrices. Total protein obtained from culture medium of P. pastoris
harboring RFP-CBDy,cgy; fusion protein (T), wash fraction with 1 M ammonium
sulfate (W) and eluate with water (E) were analyzed by 12.5% (w/v) polyacrylamide
gel electrophoresis. The target protein of approximately 40 kDa was recovered in the
eluate in all cases.
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3.3.3 Affinity purification of RFP-CBD, gy, 0n an Avicel

column

The purification yield and the extent of purification (fold) of RFP-CBDy,cgy; On an
Avicel column at 4°C were 61 % and 1.5, respectively, whereas the corresponding
values at 20°C were 76% and 1.4, respectively, as shown in Table 2. Next, the elution
conditions were evaluated by decreasing the concentration of ammonium sulfate from
1 M to O M (water). The column was washed with 12 CV of 1.0 M, 0.5 M 0.25 M, and
0.125 M ammonium sulfate after application of the fusion protein, and the amounts of
eluted protein were estimated to be 0%, 0%, 0.06% and 2.7% of the applied amount,
respectively. Finally, elution with water desorbed 62% of the applied protein. Direct
elution with water afforded approximately 80% recovery at room temperature,
suggesting that the purification yield is higher when the ammonium sulfate solution is
immediately changed to water, i.e., without gradient elution.

Purified intact RFP-CBDy,cgy; and the truncated RFP region without the CBD
and linker regions were loaded on Avicel columns equilibrated with 1 M ammonium
sulfate. The fusion protein with CBD completely bound to the column, as shown in
Fig. 3A, whereas most of the truncated RFP region was not adsorbed on the column
under these conditions. Similarly, about 95% of BSA loaded on the Avicel column
was not bound in the presence of 1 M ammonium sulfate, and only 4% of loaded BSA
was subsequently eluted with water. Only 0.009 mg BSA/ml-Avicel was bound in 1 M
ammonium sulfate, although 4.8 mg RFP-CBDy, gy Was trapped, as shown in Table 1.
For comparison, similar experiments were carried out using a hydrophobic interaction

(phenyl) column, as shown in Fig. 3B. Intact RFP-CBDy, 5y and RFP region showed
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similar behavior to that on the cellulose column, i.e., the fusion protein was bound to
the matrix, but RFP without CBD was not. In contrast, BSA was bound to the phenyl
column in the presence of 1 M ammonium sulfate and eluted with water (Fig. 3B),
clearly indicating that the cellulose column is superior to purify CBD-tagged fusion

protein.

Table 2. Temperature dependency of affinity purification of RFP-CBD,cgy; on an
Avicel column.

Specific Total

Temperature Protein concentration Total protein Purification ,. Desorption
C) (mg/ml) (mg) fluorescence fluorescence (Fold) Yield (%) ield (%)
& & (FI/mg) (FI) 0 yield {7
crude 0.58 0.29 1.8x10° 5.2x10? 1.0 100 ——
4°C 0.049 0.12 2.6x10° 3.2x10? 1.46 61.2 70.8
20°C 0.064 0.16 2.5x10° 4.0x10? 1.36 75.7 81.6

Fluorescence measurement was carried out with excitation at 544 nm and emission at
590 nm. Desorption yield was evaluated by dividing the total fluorescence after water
elution by the fluorescence of totally adsorbed protein after washing with 1 M
ammonium sulfate.
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Fig. 3. Adsorption and desorption of RFP-CBD;,cgy; from cellulose (A) and phenyl
column (B). RFP region without the CBD-linker region (cleaved with papain), purified

intact RFP-CBDy,cgy;, or BSA was loaded onto an Avicel column or a phenyl column
in the presence of 1 M ammonium sulfate and then eluted with water.

3.3.4 Affinity purification of various CBD fusion proteins

Four kinds of CBD-fused RFPs were applied to an Avicel column to investigate the
effect of various sequences of CBD on cellulose affinity chromatography. All the
fused proteins were eluted with water after injection with 1 M ammonium sulfate, as
shown in Fig. 4A. The yields of CBDy.cgui, CBDy,cpmm, CBDpecpmr and CBDp.cppn
were 76%, 62%,65% and 51%, respectively, as listed in Table 3. As shown in Table 3,
the desorption ratio (amount of eluted protein/amount of bound protein) was highest

for CBDy,cpm (82%). All fusion proteins exhibited a single band on SDS-PAGE, as

shown Fig. 4B.
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Fig. 4. Cellulose affinity chromatography of various CBD fusion proteins (A) and
SDS-PAGE analysis of eluate fractions (B). Four types of CBD fusion proteins were
bound to an Avicel column in the presence of 1 M ammonium sulfate and eluted with
distilled water. RFP tagged with CBDy, gy and CBDy, gy is shown with filled circles
and open squares, respectively, and RFP tagged with CBDp gy and CBDp cgyy 18
shown with filled triangles and crosses, respectively. Approximately 1 pg of sample
was injected into a 12.5% (w/v) polyacrylamide gel. Lane M, molecular weight
standards: sizes are shown to the left; lane 1, RFP-CBD,cgyp; lane 2, CBDy,cpun-RFP;
lane 3, RFP-CBDp.cpu; lane 4, CBDp, cpun-RFP.

Table 3. Comparison of various CBDs from fungal cellobiohydrolases.

Production in culture Purity Yield Desorption ratio

Type of CBDs

filtrate (g/L) (Fold) (%) (%)
CBDy,cpur 12 136 757 81.6
CBDy,cpn 0.18 140 624 719
CBD,,cpur 1.0 126 653 76.9
CBDy, cpun 0.79 124 508 758

Cellulose affinity chromatography was performed at 20°C as described in Materials
and Methods.
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3.4 Discussion

Bacterial CBDs, such as CBM2 and CBM3, have been used as affinity tags for
purification and/or immobilization of proteins of interest, often in combination with
the E. coli expression system. Although fungal CBM family 1 CBDs have similar
adsorption characteristics to bacterial CBDs of much smaller molecular size, they have
not generally been considered as tools for affinity purification, possibly because they
are not necessarily compatible with the E. coli expression system. In this study, I
investigated fungal CBDs as fusion tags for affinity chromatography, using the yeast P.
pastoris expression system.

The reversibility of binding of fungal CBD to cellulose has been controversial,
with some authors indicating that the binding is reversible [14, 15, 19, 20], and others
finding that it is irreversible [21-24]. In the present study, I had no difficulty in
adsorbing and desorbing the fusion proteins from the cellulose column, and the
recovered protein could be re-adsorbed on cellulose, indicating that the adsorption of
fungal CBD on cellulose is reversible, and the elution is not simply due to denaturation
of the protein. However, an increase of column volume appeared to decrease the
recovery of fusion proteins, suggesting that irreversible entrapment may also occur. To
minimize this, I examined various conditions of adsorption and desorption using 4
commercially available cellulose matrices. The best performance was obtained with an
Avicel column pre-equilibrated with ammonium sulfate. This effect of ammonium
sulfate may be due to increased hydrophobicity in the presence of the kosmotropic salt,
and blocking of negative charges of the cellulose matrices by the ammonium salt.

Cellulose carriers derived from cotton (CF11, CC31, CC41) were less effective,
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possibly because their surface area is smaller than that of Avicel. It has been reported
that the binding of CBD from 7. reesei CBHI and CBHII to crystalline cellulose was
increased at low temperature, i.e., that the affinity was higher at low temperature [19,
20]. For the Avicel column tested in this study, the yield obtained at 4°C was lower
than that at 20°C, in agreement with the former studies. This suggests that conducting
affinity purification in a cold room will decrease the product yield.

The best performance in cellulose affinity purification of fungal CBD-tagged
protein was obtained by using 1 M ammonium sulfate, which is known to increase
hydrophobic interaction, to maximize binding of the fusion protein, followed by
elution with water. However, the adsorption and desorption behaviors of CBD,cpy-
tagged RFP, RFP without CBD, and BSA were somewhat different between a
cellulose column and a phenyl column. RFP alone was eluted in the void volume,
whereas the fusion protein with CBD was significantly adsorbed on the phenyl column.
This may imply that CBD simply enhances the hydrophobicity of the target protein,
thereby increasing absorption on the phenyl column. However, the behavior of BSA, a
well-known hydrophobic protein, was completely different from that of CBD-tagged
protein, i.e., BSA was tightly bound on the phenyl column in the presence of 1 M
ammonium sulfate and was eluted with water, whereas it was present in the
unadsorbed flow-through fractions on an Avicel column. These results indicate that
the binding of CBD-tagged protein to crystalline cellulose is not simply a hydrophobic
interaction, and rather suggest that fungal family 1 CBDs are adsorbed on the cellulose
surface not only via hydrophobic interaction, but also via other interactions, such as

hydrogen-bonding and/or ionic interactions.
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Fungal CBDs contain three aromatic residues arranged to form a plane [17, 18].
In CBD from T. reesei Cel7A, the residues involved are Tyr5, Tyr31, and Tyr32,
although in the other three CBDs used in this study, one Trp residue is involved in
place of the Tyr near the N-terminus. Linder and coworkers [25, 26] reported that
replacement of one tyrosine residue with tryptophan resulted in higher affinity for
cellulose, so that CBDy, gy may be less favorable for adsorption than the other CBDs
tested in this study. As in the case of the temperature dependence of cellulose affinity
column, higher affinity may cause lower recovery of fusion protein, because the
present results show that the highest yield was obtained when CBDy, gy used as the
fusion tag. Other CBDs with a tryptophan residue commonly gave low recovery on
elution with water. Therefore, mutation of these residues to other amino acids, such as
phenylalanine and histidine, might provide a better yield in affinity purification using
cellulose columns.

In conclusion, fusion proteins of RFP with fungal family 1 CBDs were highly
expressed in a P. pastoris expression system, and could be purified by single-step
cellulose affinity purification in high yield. The recovery was increased when the
culture filtrate was applied to the column in the presence of 1 M ammonium sulfate,
which enhances hydrophobicity as well as blocking negative charges on the cellulose.
The bound fusion proteins could be easily and quickly eluted with water. This system

appears to be suitable for large-scale purification of target proteins.
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Chapter 4. Adsorption characteristics

4.1 Introduction

Fungal cellulases that hydrolyze crystalline cellulose share a common two-domain
structure consisting of a catalytic domain (CD) and a CBD, which promotes
degradation by mediating adsorption of the cellulases on the cellulose surface [1, 2].
Cellobiohydrolase (CBH) I from Trichoderma reesei (TrCel7A or TrCBHI), one of the
best-studied cellulases, is known to have two binding modes on crystalline cellulose,
i.e., productive binding in which both CD and CBD participate in adsorption and non-
productive binding involving only CBD [3, 4]. These two modes of adsorption have
been considered to correspond to high- and low-affinity adsorption in Langmuir’s two-
binding-site model, and the relationship between cellulose-degrading activity and
adsorption has been discussed on this basis [4, 5]. However, it is still unclear whether
the two modes of adsorption of 7rCBHI can be appropriately described in terms of the
parameters of Langmuir’s two-site model.

In addition to the binding mode of cellulase (productive or non-productive
binding), the crystalline form of cellulose also strongly influences the decomposition
of cellulose. When cellulose I (naturally occurring crystalline cellulose) is treated with
supercritical ammonia, it is converted to cellulose III;, which is more susceptible to
degradation by cellulases [5]. In previous report, Igarashi and co-workers showed that
the adsorption parameters for high-affinity adsorption of 7rCBHI were significantly
larger for ammonia-treated cellulose III; than for cellulose I, and they proposed that the

phenomenon can be interpreted in terms of the combined effects of increased surface
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area and decreased interaction between cellulose chains in the crystal, although the
precise mechanism remains unclear.

In the present study, I examined the adsorption kinetics of fungal family 1 CBD
on crystalline celluloses I, and III;, in addition to amorphous cellulose. In order to

exclude the contribution of the CD to the adsorption, I used a fusion protein of the
CBD of TrCBHI with red-fluorescent protein (RFP), which is not adsorbed on

celluloses.

4.2 Materials and Methods

4.2.1 Regents and strains

Restriction enzymes, DNA ligase, and Escherichia coli IM109 were obtained from
TaKaRa Bio Inc. (Japan). pCR4Blunt-TOPO vector for sequencing, oligonucleotides,
Pichia pastoris KM71H for protein production and pPICZoA transforming vector
were purchased from Invitrogen (Carlsbad, CA). KOD plus DNA polymerase from
Toyobo Co., Ltd. (Japan) was used for PCR. PreScission protease was purchased from
GE Healthcare Life Sciences. Avicel cellulose powder (Funacel 11, average grain size
80 um) was bought from Funakoshi Ltd. (Tokyo, Japan). Crystalline cellulose I, and
III; were prepared from green algae (Cladophora spp.) as described previously [6].
The amorphous cellulose (PASC) was prepared from Avicel by phosphoric acid
treatment. Amorphous cellulose (PASC) was prepared from Avicel as follows. Avicel
(2 g) was mixed with 85% (w/w) phosphoric acid (20 ml) and smashed with grass

stick until the solution was to be clear. The cellulose solution was regenerated in water
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and equalized with a high-speed blender after incubation through overnight. Cellulose

suspension was washed with sufficient amount of water [7].

4.2.2 Construction and production of fusion proteins

Fungal CBD gene from 7. reesei CBHI (7rCel7A) and its construct were already
explained in Chapter 2, i. e., RFP-CBDy,cgy;. To obtain RFP coupled to the O-linked
glycosylated linker region (RFP-linker), the gene of the RFP-containing linker region
was amplified by PCR with primers 5-
TTTGAATTCAAAAGAATGGACAACACCGAGGACGTCATC -3’ (primer 1) and

5’- AGGTCCTTGAAACAAAACTTCCAAGGGAGAGCTTCCAGTGGTAGTGGC

-3’ (primer 2) using plasmid vector pPICZaA/RFP-CBD as a template. The CBD
region at the C terminus was also amplified with primers 5’-

TTGGAAGTTTTGTTTCAAGGACCTACCCAGTCTCACTACGGCCAGTG -3’

(primer 3) and 57
TTTGCGGCCGCTTAATGATGATGATGATGATGAGCACCTGGCAGGCACTGA
GAGTAGTAAGGGTTCAGGAC -3’ (primer 4). The restriction enzyme site and
cleavage site of PreScission protease are indicated in italic and by underlining,
respectively. The PCR products were subjected to second PCR with primers 1 and 4 to
obtain the entire gene, which was inserted into Blunt-TOPO vector. The structure was
confirmed by DNA sequencing. The gene was transferred to the EcoRI-Nof site of E.
coli-P. pastoris shuttle vector pPICZaA. The constructed plasmid (pPICZoA/RFP-
PreScission-CBD-his6) was used to transform P. pastoris cells and the fusion protein

was expressed as described previously (see chapter 2).
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4.2.3 Preparation of fusion proteins

The fusion proteins (RFP-PreScission-CBD-his6 and RFP-CBD) were purified by
Avicel column chromatography as described in Chapter 3. In addition, the RFP region
was obtained from RFP-CBD by papain cleavage as also described in Chapter 3. To
obtain the RFP-linker region without CBD, purified RFP-PreScission-CBD-his6 was
cleaved with an appropriate amount of PreScission protease in 20 mM Tris-HCI buffer
(pH 7.5) containing 150 mM NaCl and 1 mM DTT for 24 hour at 5°C. Further
purification on an anion-exchange column (DEAE-Toyopearl, Tosoh Corporation,
Japan) was performed, after replacement of the solvent with 20 mM Tris-HCI buffer
(pH 8.0). All protein samples were concentrated by ultrafiltration and reconstituted in
20 mM sodium acetate buffer (pH 5.0). The purity of the three proteins was confirmed

by SDS-PAGE.

4.24 Adsorption experiments

Adsorption study of the fusion proteins was performed as follows: various
concentrations of RFP-CBD, RFP-linker region, or RFP (40 uL) were mixed with 80
uL of a suspension of cellulose (I, III; or PASC) in 20 mM acetate buffer (pH 5.0) at
a final concentration of 0.1 %. After incubation for 2 hours at 5°C, the suspension was
centrifuged (14,500 rpm for 3 minutes at the same temperature) and the concentration
of protein in the supernatant was calculated from the UV absorption at 559 nm using a
molar extinction coefficient of 26,100 M'cm™ for RFP in 20 mM acetate buffer (pH

5.0). The adsorption amounts were evaluated by subtraction to amounts in supernatant
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of the samples with cellulose from its without cellulose. Other series of adsorption
measurements were also performed at 15 and 25°C for RFP-CBD. The measurements
of pH dependency were performed using approximately 3.4 uM of RFP-CBDy,cgy; in
100 uL volume containing 0.1% substrates at room temperature. 20 mM of each

sodium acetate buffer in range of pH 3.89-5.5 and sodium phosphate buffer in range of

pH 5.54-7.98 were tested.

4.2.5 Analysis of adsorption parameters

All fittings were performed on IGOR Pro software (version 6.22J) and the correlation
coefficients for following models were calculated by using Delta Graph software

(version 5). For the monomial Langmuir’s model, the following equation was used:

__ Amax(F]
[B] = Kad"1+[F]

(Equation 1.)

where [B] and [F] are the bound amount and free concentration of RFP-CBD,
respectively. A,,,. and K, are the maximal concentration of bound protein (nmol/mg-
cellulose) and the association constant for the binding site (uM™), respectively. Single
reciprocal plots in the Scatchard form ([B]/[F] versus [B]) were also fitted to a model

of one-dimensional overlapping binding sites with non-cooperative binding [8, 9] as

follows:

n-1

6] _ ] 1-n[6] :
e Kad(1-n[08]) (1-(n-1)[9]) (Equation 2.)

where [6] and [F] are coverage of bound CBD per maximal binding sites and free
concentration, respectively. K, and n are the association constant and the number of

lattices occupied by a single CBD. If there is cooperativity of binding of CBD
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molecules on the binding surface, the binding would change with surface coverage of
CBD fusion protein. Thus, the data points were also fitted to the empirical Hill’s
equation [10].

[B] _ Amax[F]?

app-1
K g +[F]™

(Equation 3.)

Kd = (K:gp_l)l/ " (Equation 4.)

where K,/ and n are apparent association constant and parameter for cooperativity,
respectively, and 4,,,, is the maximal adsorption capacity. The dissociation constant K,
was calculated from the values of K, and n using Eq. 4. Furthermore, the empirical
Freundlich equation, which is often used for heterogeneous surfaces, was also tested:

[B] = a[F]"™ (Eq.5)

where a and m are the Freundlich equilibrium constant and the power term of the

Freundlich isotherm [11].

4.2.6 Estimation of isosteric enthalpy of adsorption

The enthalpy change of adsorption was estimated indirectly by means of the Clausius-
Clapeyron equation (the natural logarithm of free concentration is plotted against the

reciprocal of absolute temperature) as follows:

dIn[F] _ AHO
dT ~ RT2

(Eq. 6)
where [F] and AH° are free concentration and enthalpy change of adsorption. R and

T are the gas constant (8.31451 JK'mol™) and absolute temperature, respectively. In

66



order to estimate the dependence of In [F] on surface coverage (or surface density),

Hill’s equation was transformed as follows:

In[F] = 1In <(%) (ﬁ) > (Eq.7)

ad
where [p] is the surface density of bound protein on cellulose substrate [4]. The

isosteric enthalpies were plotted versus surface density.
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4.3 Results

4.3.1 pH dependency on binding to celluloses

RFP-CBD was bound on all cellulose matrices I tested in range of pH 4 to 8. The
amount of the fusion protein bound to PASC was higher than to I, or III; at any pH
range (Fig. 1). Although the relative maximum adsorbed amounts to I, and PASC
were achieved at pH 4.68, and their optimal pH values of binding estimated by fitting
to single gaussian equation were shown similar values (4.90 and 4.97 for cellulose I,

and PASC, respectively), but its for III; was slightly different (achieved at pH 5.5.).

Bound [nmol/mg-cellulose]
o
|

4 5 6 7 8
pH

Fig. 1. pH dependency of the adsorption of RFP-CBD to celluloses at room
temperature. The amounts of RFP-CBD adsorbed to cellulose I,,, III; and PASC are
shown in closed circles, open circles and closed triangles, respectively. The solid lines
were drawn by single gaussian.
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4.3.2 Adsorption isotherms

All adsorption measurements were performed in 20 mM sodium acetate buffer (pH
5.0) containing 0.1% matrices. The dependence of the amount of RFP-CBD adsorbed
on crystalline cellulose I, on a free protein concentration is plotted in Fig. 2A and 2B.
The corresponding Scatchard plot is shown in Fig. 2C. Although RFP-CBD does not
have a catalytic domain, the Scatchard plot of this fusion protein was not linear, but
was concave-downward, as has been reported for the intact enzyme containing both
CD and CBD. Since RFP and RFP-linker could not bind to any of the celluloses used
here (data not shown), the non-linear relationships in the Scatchard plot do not arise
from interaction of RFP or the linker region with cellulose, but may be a general
feature of binding of proteins to a limited surface area. Therefore, I applied several
adsorption models to analyze the data shown in Fig. 2A-C. The correlation coefficients
are listed in Table 1. Among the models tested, the Hill’s model with negative
cooperativity gave a better correlation with the observed data than did the Langmuir
model, overlapping-site model, or the Freundlich model.

Curve fitting of the experimental data to the Hill’s model was also employed to
examine the temperature and substrate dependences, as shown in Fig. 3. The
adsorption parameters obtained are summarized in Table 2. The values of 4,,,, differed
among the substrates tested, but were independent of temperature. The A,,,, values for
cellulose I1I; and PASC were 1.4-1.5 and 7.0-7.3 times higher than that of cellulose 1,
respectively, suggesting that the surface areas available for adsorption of the RFP-
CBD fusion protein on these substrates are larger than in the case of native crystalline

cellulose. In contrast, the apparent association constant (K, ,*?) tended to decline with
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increasing temperature. This phenomenon agrees well with the previous report
confirming the temperature dependency of the adsorption to crystalline cellulose I [12],
indicating that the interaction of fungal CBD with celluloses has a negative enthalpy
change of adsorption. The K ,,*” values for cellulose I, and PASC were quite similar,
while that for cellulose III; was 2.3-3.1 times higher than the value for cellulose I, at
the same temperature. The value of the dissociation constant (K, free protein
concentration affording half-maximal adsorption) for cellulose III; was apparently
lower than those for the other cellulose samples, indicating that CBD is adsorbed with
higher affinity on the surface of cellulose III; than on that of cellulose I,. The
cooperativity (n) was less than 1.0 for all cellulose samples tested, suggesting that the
negative cooperative adsorption is not substrate-dependent, but is a general feature of
RFP-CBD adsorption on celluloses. Notably, the cooperative parameters (n) were
increased relative to cellulose I, while the values for III; and amorphous cellulose

were remained unchanged.
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Fig. 2. Analysis of the adsorption of RFP-CBD on crystalline cellulose I, at 5°C. A,
concentration dependence of adsorption ([F]-B plot); B, double-logarithmic plot of
data in A; C, Scatchard plot. Fittings to Hill’s model, the Langmuir single-binding
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model, Stankowski’s overlapping-site model, and the Freundlich model are shown by
solid, dotted, dashed, and dotted-dashed lines, respectively.

Table 1. Correlation coefficients obtained from non-linear regression analysis of
binding data points for RFP-CBD to crystalline cellulose at 5°C.

Binding model Correlation coefficient (R?)
Hill 0.9995
Langmuir 0.9915
Stankowski overlapping site 0.9770
Freundlich 0.9763

Correlation coefficients were calculated with Delta Graph version 5.
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Fig. 3. [F]-B plots (A-C) and Scatchard plots (D-F) of RFP-CBD fusion protein at
various temperatures on various cellulose substrates. The binding experiments were
performed using cellulose I, (A, D), cellulose III; (B, E), and PASC (C, F),
respectively. Binding data were obtained at 5°C (closed circular), 15°C (open circular),

and 25°C (closed triangles), respectively.

Table 2. Adsorption parameters of RFP-CBD on celluloses estimated according to

Hill’s model.
Cellulose TZ:lrlll}?eer Ko™ " (nmol/nérilz);llulose) (MI?;[)

5°C 0.34+0.02 0.70+0.03 23+0.1 4.7

I, 15°C 0.25+0.01  0.76 £0.02 22+0.04 6.2
25°C 0.15+0.01 0.83+0.03 23+0.1 9.8

5°C 091+£0.05 0.58+0.02 33+0.1 1.2

1T 15°C 0.58+0.10  0.54+0.05 33+03 2.7
25°C 0.47+0.06 0.58+0.04 3.1+0.3 3.7

5°C 0.34+0.03 0.58+0.04 16+ 1 6.4

PASC 15°C 0.26+0.06 0.61+0.11 16+3 9.1
25°C 0.20£0.03  0.60 +0.04 16+£2 15
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4.3.3 Thermodynamic analysis of the adsorption

The value of n for cellulose I, was temperature-dependent, i.e., an increase of the
temperature resulted in a decrease of negative cooperativity, whereas the n values for
cellulose I1I; and PASC were almost independent of temperature (Table 2). In order to
clarify the difference of adsorption kinetics among the cellulose samples tested, the
surface density dependence of the enthalpy change of adsorption (isosteric enthalpy)
was evaluated. The slopes of Clausius-Clapeyron plots were calculated at various
levels of surface coverage (Fig. 4A-C), and the estimated isosteric enthalpy was
plotted versus arbitrary surface density (Fig. 4D-F). The isosteric enthalpy for
cellulose I, decreased markedly with increasing surface density (Fig. 4D). In contrast,
III; and PASC showed little change of the isosteric enthalpy in response to change of
surface density; the value remained in the range between -40 kJ/mol and -30 kJ/mol

(Fig. 4E and F).
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Fig. 4. Dependence of isosteric enthalpy of adsorption on surface density. Clausius-
Clapeyron plots (A-C) and plots of the slopes of the Clausius-Clapeyron equation
versus arbitrary surface density (D-F) are shown for cellulose I, (A, D), cellulose II];
(B, E), and PASC (C, F). The values of In[F] were calculated according to Hill’s
model with arbitrary surface density values of 0.01 to 0.8.
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4.4 Discussion

Efficient enzymatic hydrolysis of crystalline cellulose requires effective adsorption of
cellobiohydrolases, which is mediated by the cellulose-binding domain (CBD).
However, the mechanism of adsorption and the factors determining the efficiency of
degradation of crystalline cellulose are not yet fully understood. In the present study, I
examined the kinetics of adsorption on several types of cellulose by using a CBD
fusion protein, in which the catalytic domain (CD) of TrCBHI is replaced with RFP, a
protein of a similar size that does not interact with cellulose.

I initially expected that RFP-CBD would show monomial Langmuir-type
adsorption on crystalline cellulose, with a linear Scatchard plot, because the fusion
protein has only a single domain with affinity for cellulose. However, the Scatchard
plot of this fusion protein was not linear, but was concave-downward, like that
reported for the intact enzyme with two binding domains (i.e., CD and CBD). Among
several models tested, I found that Hill’s equation showed the best fit to the obtained
data. This model, with a negative cooperativity parameter (n<1), is often applied to
interpret the affinity change of substrates (equilibrium constant) to multimeric proteins
that show an induced-fit mechanism, whereby the first bound substrate induces a
structural change of a neighboring binding pocket for a second substrate having lower
affinity [13]. In the present study, the negatively cooperative adsorption of CBD on
cellulose could be interpreted in terms of steric exclusion and/or repulsion by bound
CBD with respect to unbound CBD approaching nearby regions of the surface, as
already suggested for lectin-carbohydrate interactions [14]. This steric exclusion effect

was supported by geometrical feature of the interaction between the CBD and

76



cellulose. Fungal CBD principally belongs to carbohydrate-binding module (CBM)
family 1 (CBM1), and the structures from 7rCel7A had been determined by nuclear
magnetic resonance analysis [15]. The CBD is composed of 36 amino acids, and each
distance of solvent-exposed three aromatic residues formed planar binding face is
consisted with an interval of cellobiose unit in a cellulose chain. Thereby, it has been
assumed that the CBD is bound to the hydrophobic 110 face of crystalline cellulose,
which agrees with microscopic observations [16, 17]. Namely, the binding of CBD is
theoretically expected to occupy an area of 2 nm x 3 nm at the hydrophobic surface of
cellulose (at least 2.5 cellobiose units of cellulose chain) [15, 18], then CBD molecule
could be closely approached another CBD molecules on the surface. Moreover,
intermolecular RFP has a diameter of 4 nm and a length of 5 nm [19], similar size to
CD of TrCel7A [20] as shown in Scheme 1A. Therefore, the RFP domain of the fusion
protein as well as CD could interact with nearby molecules before CBD occupies the
whole surface of cellulose. In the RFP-CBD fusion protein, moreover, the two
domains are connected by a flexible linker region [21], as in the intact enzyme, so the
surface area effectively occupied by a single molecule should be larger than the actual
size of the fusion protein, as represented in Scheme 1B. Indeed, a recent single-
molecule study of binding of CBD fused with green-fluorescent protein (GFP) on
crystalline cellulose suggested that a larger space than the theoretical size of the
molecule is occupied by the fusion protein because of the fluctuation of the GFP
region [17]. Therefore, I conclude that the reason for the non-linear Scatchard plot of

RFP-CBD is a steric exclusion effect.
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The negative cooperativity was relieved with increase of temperature when
cellulose I, was used as a substrate, but not cellulose III; or PASC. Namely, the
binding site of the CBD to cellulose I, was more independent at high temperature.
However, since the A,,,, was not decreased at higher temperature, the observed more
independent adsorption was suggesting that relieve the steric exclusion effect on the
same surface area.

The values of isosteric enthalpy for these substrates were compared in order to
clarify the reason for this difference of adsorption kinetics. The isosteric enthalpy for
cellulose I, was highly dependent on surface density, whereas that of cellulose III; or
PASC was more or less coverage-independent. It has been suggested that CBD
molecules can diffuse or slide on the substrate surface under the influence of
neighboring CBD molecules [22, 23]. Such surface diffusion of CBD molecules would
increase the entropy, and may account for the reduction of enthalpy of adsorption [14,
24, 25]. In other words, steric exclusion could be relieved, and the n-value would
become close to 1.0, on cellulose I, as a result of surface diffusion of CBD. These
results could be interpreted as indicating that fungal family 1 CBD shows uni-order
adsorption on cellulose I, but shows less-ordered and/or multi-patterned adsorption on
cellulose III; and amorphous cellulose.

In the case of intact TrCel7A, high- and low-affinity adsorption according to
Langmuir’s two-binding-site model has so far been assumed to correspond to
productive- and non-productive binding, respectively. However, the results obtained in
the present study suggest that Langmuir’s two-site model cannot represent the actual

populations of productive and non-productive enzyme molecules. Therefore, I
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reanalyze the previously reported adsorption data for 7rCel7A [5] in terms of Hill’s
model with negative cooperativity. These data were well fitted by Hill’s equation with
negative cooperativity, and the adsorption parameters obtained from the reanalysis are
listed in Table 3. The adsorption maximum (4,,, value) for cellulose I, is the same as
that of RFP-CBD fusion protein, though A,,,, for cellulose III; was slightly increased
by the presence of the CD. The K,*” and n values were slightly affected by the
exchange of RFP for CD, but the general tendency is similar for the two adsorbates,

i.e., the n value for cellulose I, is higher than that for cellulose III;, whereas the K,

value for cellulose III; is higher than that for cellulose I, indicating that 7rCel7A has
higher affinity for cellulose III;, although the negative cooperativity of its adsorption is
higher on cellulose II1; than on cellulose 1,,.

The negative cooperativity for cellulose III; was shown to be higher than
cellulose I, as like to RFP-CBD. This high steric exclusion effect of 7rCel7A on the
surface of III; might be leading the efficient decomposition of cellulose because of the
ease of traffic congestion on the surface. Anyhow, all the adsorption parameters thus
obtained for intact 7rCel7A are similar to those obtained here for RFP-CBD fusion
protein, which is able to bind on the cellulose surface only in a non-productive manner,
suggesting that the population of “truly” productive molecules is quite small. The
above conclusion is also supported by high-speed atomic force microscopic (HS-
AFM) observations of 7TrCel7A, which indicated that the apparent velocity of
movement of enzyme on the substrate surface does not reflect the specific activity of

adsorbed enzymes [4, 7, 26]. It seems that further work is needed in order to
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understand the relationship between adsorption and catalysis in sufficient detail to

optimize cellulose hydrolysis by cellulases.
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Scheme 1. Schematically representation of two-domain CBD molecues on cellulose
surface. A, comparison of molecular size of intact TrCel7A (left) and RFP-CBD
(right) on cellulose; B, occupancy of two-domain RFP-CBD on a cellulose surface.
The affinity for the adsorption of fusion protein decreases with increase of the surface
density, even though the surface is not saturated.
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Table 3. Adsorption parameters of intact 7rCel7A estimated according to Hill’s
model.

Amax

K™ n (nmol/mg- K
cellulose) (uM)

TrCelTA® I, 0.49+0.07 0.78+0.08 23+0.2 2.5
11, 1.2+0.6  0.51+0.15 4.0+0.8 0.73

* These values were obtained by reanalysis of previous data [5].
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Chapter 5. Conclusion

Population of people in the world has been currently increasing to over 7 billions, and
securing of resources such as water, foodstuff and energy is essential to save our future.
In this view, plant biomass should be utilized in a more efficient way because of its
bounty on the earth. Especially, cellulose is the most abundant material in nature, we
should consider effective use of this attractive resource. In these days, efficient
decomposition of biomass by cellulolytic enzymes has attracted much attention due to
policy for utilizing the renewable resource, which crucially depends on efficient
degradation of crystalline cellulose.

CBD plays an essential role in cellulase hydrolysis of crystalline cellulose.
Non-catalytic binding proteins containing CBDs have a great advantage for
fundamental protein applications such as immobilization/purification of enzymes or
identification of the corresponding substrates. Thus, understanding of their function is
of fundamental importance for rational utilization of cellulases and their applications.
In this thesis, I investigated the adsorption behavior of fungal CBDs and feasibility of
their affinity purification using cellulose-CBD interactions.

In chapter 2 and 3, I have described the production and affinity purification of
CBD fusion proteins in which the catalytic core domain of cellulases was replaced by
red-fluorescent protein. These constructs can be used to investigate the binding
characteristics of cellulases depending on the function of CBD. Pichia pastoris was
used for the expression of the recombinant proteins. The production levels of fusion

proteins in the culture filtlate reached over 1 g/L both in the case of RFP-CBDy,cpy;
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and -CBDjp.cgm- The genome of P. pastoris has several genes predicted to contain
CBMI (fungal type CBD). These results indicated that P. pastoris is likely to be a very
suitable host for the production of fungal type CBD fusion proteins on industrial scale.

CBDs can be used for various applications such as purification and
immobilization of enzymes as affinity-tags. Since purification of proteins has been
little conducted by use of fungal CBDs, I investigated whether fungal CBDs can be
used as fusion tags for affinity chromatography (chapter 3). All the cellulose matrices I
tested behaved as affinity carriers, that is, all of the CBD fusion proteins were tightly
bound on cellulose in the presence of 1 M ammonium sulfate, and they could be easily
eluted from cellulose by distilled water. Hydrophobic proteins such as bovin serum
albumin almost did not bind to cellulose under this condition. Thus blocking of
negatively charged group on cellulose and increasing the hydrophobic interaction by
ammonium sulfate may be a good condition to repel the most proteins except for
CBDs. Of the tested celluloses, Avicel was found to be the best affinity carrier to
purify the CBD fusion proteins. The yield was approximately 80% for RFP-CBD,cgp;
at room temperature without denaturing of the CBD. This simple and efficient

purification system appears to be suitable for large-scale purification of target proteins.

Degradability of cellulose by cellulolytic enzymes from the fungus
Trichoderma reesei is most powerful and among them, cellobiohydrolase I (CBHI) is
the most studied cellulase so far. Fungal CBHs hydrolyzing crystalline cellulose share
a two-domain structure of catalytic domain (CD) and non-catalytic cellulose-binding

domain (CBD). The binding of CD to cellulose is considered to be a ‘‘productive-

88



binding’’, while binding of CBD as a ‘‘nonproductive-binding’’. Unfortunately, since
the nonproductive-binding interferes with the activity of CD at high surface coverage,
understanding and controling of this nonproductive-binding is one of the options for
improvement of this generally slow decomposition process. Thereby, in chapter 4, the
adsorption characteristics of CBD fusion protein from 7rCBHI was studied mainly in
order to understand the binding mechanism of CBD and thus two-domain structure.
Binding data were better fitted by the Hill’s model with negative cooperativity than by
other adsorption models, suggesting the occurrence of a steric exclusion effect among
the fusion molecules on the cellulose surface. All cellulose samples I tested were well
fitted to Hill’s model, and the degree of negative cooperativity depended on the nature
of cellulose. Notably, the negative cooperativity decreased with increasing temperature
only to crystalline cellulose I, in spite of the affinities were not a little influenced
toward all substrates tested by change of temperature. This phenomenon indicates
occurrence of a relieve mechanism of steric exclusion on cellulose I, by the surface
diffusion or sliding of CBD fused molecules, which was supported by estimation of
isosteric enthalpy. Interestingly, the binding data of intact 7rCBHI was also fitted to
Hill’s model regardless the type of crystalline cellulose. The adsorption parameters of
TrCBHI, especially negative cooperativity and maximum adsorption capacity, were
similar to CBD fusion protein without CD. The strength of affinity does not participate
in the cooperativity at equilibrium condition, i.e., cooperativity may be independent
parameter corresponded to nature of cellulose and/or shape, flexibility, and mobility of
adsorbed molecules on cellulose surface. Thus, these results indicate that the binding

based on CBD predominates in the case of adsorption on cellulose by intact 7rCBHI.
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Further investigation is needed in order to understand the cooperative relationship
between adsorption behavior and catalytic function of cellulase for the efficient

degradation of cellulose.
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