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Abbreviations

1. Terms

GH family glycoside hydrolase family

Sup supernatant

Amp' resistance gene to ampicillin

M.w. molecular weight

2. Proteins

CBH cellobiohydrolase

EG endoglucanase

BGL B-glucosidase

Xyn xylanase

CBM carbohydrate-binding module

CBM1 carbohydrate-binding module family 1

GFP green fluorescent protein

CBM-GFP chimeric protein of CBM1 and GFP

Xynl0B xylanase belonging to GH10 from Irpex lacteus
TrXYN III xylanase belonging to GH10 from Trichoderma reesei
CBMxynioB CBMI region of Xynl10B

CBMxyni0-GFP chimeric protein of CBMxyn10s and GFP
CBM7kG1 CBM1 region of EG1 from Trametes hirsuta
CBM7yeG1-GFP chimeric protein of CBM ;56 and GFP
CBMEg4,5-GFP phenylalanine 42 of CBMxyq108-GFP mutated to serine
CBMys,5-GFP tyrosine 52 of CBMxyn108-GFP mutated to serine
3. Carbohydrates

CMC carboxymethyl cellulose

Gl glucose

G2 cellobiose

MC microcrystalline cellulose

pNP p-nitrophenol

pPNPG1 PpNP-B-D-glycopyranoside

pNPG2 PpNP-B-D-cellobioside

pNPL PpNP-B-D-lactopyranoside

pNPX1 PpNP-B-D-xylopyranoside

X1 xylose

X2 xylobiose

X3 xylotriose

X4 xylotetraose

X5 xylopentaose

X6 xylohexose



4. Other reagents

AAB ammonium acetate buffer
CBB-R250 Coomassie brilliant blue R250

IPTG isopropyl B-D-thiogalactopyranoside
LB medium Luria-Bertani medium

SAB sodium acetate buffer

SDS sodium dodecyl sulfate

5. Instrument and analytical methods
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TLC thin-layer chromatography
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Chapter 1: General introduction

1.1. Carbohydrate-binding module

CBMs, which are present in enzymes that undertake plant cell wall degradation, are
categorized into three types, type A, type B, and type C CBMs, based on their structure and
function [1]. Type A CBMs have a flat hydrophobic surface composed of three aromatic
amino acid residues binding to crystalline polysaccharides, such as cellulose and chitin
(Figure 1-1 (A)) [2]. Type B CBMs can bind to amorphous cellulose or xylan, using open
grooves to accommodate a single polysaccharide chain. Type C CBMs can bind only to the
terminus of glycans or oligosaccharides as their binding sites are short pockets that cannot
accommodate long glycan chains.

To date, CBMs have been categorized into 69 families based on the amino acid
sequence, according to the CAZy (carbohydrate-active enzymes) database
(http://www.cazy.org/) [3]. Carbohydrate-binding module family 1 (CBM1) belongs to the
type A CBMs and is known to be a cellulose-binding domain (CBD) that is found in fungal
cellulolytic and related proteins. CBM1 is a small stable domain that consists of around 30-40
amino acid residues, and it is connected to a catalytic domain of cellulolytic enzymes by a

linker region. CBMI1 facilitates adsorption on cellulose and enhances its degradation (Fig. 1-1

(B)) [4].

1.2. Distribution of carbohydrate-binding module

Cellulose is a native polysaccharide composed of more than 1000 B-D-glucose units
linked by B-1,4-glycosidic bonds. Plant cell walls are mainly composed of cellulose,
hemicellulose (xylan, mannan, xyloglucan, etc.), and lignin. Enzyme complexes of cellulases,
hemicellulases, and/or lignin-degrading enzymes from fungi have the potential to hydrolyze
these polymers to monomeric units. Several commercial enzyme preparations have been
applied for quality improvement of detergent, in the paper-making industry, and for
bioethanol production from cellulosic biomass. It is known that they contain many kinds of
components of cellulases and related enzymes. Cellulases are categorized into four types,
namely, cellobiohydrolase I (CBH 1), cellobiohydrolase II (CBH II), endoglucanase (EG), and
B-glucosidase (BGL), based on their roles in cellulose degradation. It is thought that the

presence of these enzymes at an appropriate ratio can hydrolyze crystalline cellulose to
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glucose effectively. Many of these cellulases have CBM1 in the N- or C-terminus region of
proteins for effective cellulose degradation. CBMIls are also distributed in several
hemicellulases, such as xylanase and mannanase, and non-hydrolytic proteins, such as
swollenin, polysaccharide monooxygenase, cellobiose dehydrogenase, and carbohydrate
esterase, although they have important roles in cellulose degradation [5-10]. CBM1s not only
have important roles in cellulose degradation, but also in plant cell wall degradation. From
this point of view, the role of CBM1s might vary from enzyme to enzyme, and the structure

of each CBM1 might differ.

1.3. Variety of amino acid sequence of CBM1

It has been proposed that three aromatic amino acid residues located on the flat surface
of CBM1 are essential for the adsorption on cellulose. The motifs of these three amino acid
residues were found to be Y-YY, W-WY, W-YY, Y-WY, and Y-FY, and the ability of
adsorption of each CBM1 on cellulose is closely related to its hydrophobicity. These varieties
of structure should be adapted to the variety of enzyme, as the mode of action of each enzyme
for biomass degradation differs from one enzyme to another. On the other hand, the absence
of CBMI remarkably reduces crystalline cellulose degradation due to a decrease in
adsorption [11-12]. As reported in Trichoderma reesei Cel7A (CBH I) and Cel6A (CBH II),
the adsorption behaviors of the CBM1s on cellulose are not the same. The retention time of
Cel7A on the cellulose surface during one action is relatively short, and the protein can move
to the next region of the same cellulose chain. As such, Cel7A is called a processive enzyme
and the typical motif of CBM1 in Cel7A on cellulose adsorption is Y-Y-Y. On the other hand,
Cel6A can adsorb on cellulose for a longer period than Cel7A because of its higher binding
parameters; its motif is W-Y-Y. In addition, CBM1 from Cel6A has an additional S-S bond,
which produces a stable structure and conveys a binding capacity that differs from that of
conventional CBM1 [13]. Furthermore, new types of CBM1 with unique motifs (Y-W-NY
and Y-W-SF) have been reported recently in Qomycetes sp. [14]. Several hundred CBM1s
have been identified to date on the basis of amino acid sequence similarities. The differences
in the amino acid sequences of CBMI1 should affect the binding ability; however, the

relationship between structure and function has not been identified.



1.4. Purpose of this research

In nature, basidiomycetes and fungi play important roles in plant cell wall degradation.
These microorganisms produce various types of cell wall-degrading enzyme, such as
cellulases, hemicellulases, accessory enzymes, and some non-enzymatic proteins like
swollenin. In many cases, these enzymes have CBMI1 at the N- or C-terminal region.
Presumably, the adsorption ability of CBM1 to insoluble substrates like the cell wall is a
basic strategy and essential for efficient degradation among fungal cellulolytic enzymes. On
the other hand, other CBM families, such as CBM2, CBM3, CBM4, CBM6, CBMS, and
CBMDO, that show the ability to absorb to cellulose have been reported, as found in bacterial
enzymes. Actually, numerous CBM families were distributed in bacterial cellulolytic
enzymes according to the type of polysaccharides, crystallinity of cellulose, and other factors.
Against this background, it is an interesting question why basidiomycetes and fungi use only
one type of CBM given the complicated structure of plant cell walls. In this context, it seems
particularly important to clarify the structure-function relationships of CBM1 from white-rot
fungi. Therefore, the mechanism of adsorption and desorption of CBM1 has been studied and
its behavior is discussed in this thesis.

CBMIs from two basidiomycetes, Trametes hirusta and Irpex lacteus, have been
focused on in this study. As the binding of an enzyme on its substrate is the first step of an
enzymatic action, CBM1 could work effectively to concentrate it on the surface of cell walls,
especially at low substrate concentration. In addition, desorption of enzyme is also important
for enzyme recovery. Therefore, the control of adsorption/desorption of CBM1 with buffers
having different ion strengths (using CBM1 of EG1 from 7. hirsuta) was first investigated in
this study. Recently, it was reported that there are some varieties of CBM1 based on their
adsorption ability. It is well known that fungi produce many kinds of cellulolytic enzyme for
plant cell wall degradation. The function of CBM1 should differ among these enzymes.
White-rot fungus, 1. lacteus, can also secrete different types of cellulase, most of which have
CBMI, but some components in crude enzyme preparation were shown to lose CBM1 by
proteolysis. This means that there are many types of enzyme in crude enzyme preparations,
based on the adsorption ability. Their adsorption properties might be related to the function of
enzymes. Here, I have focused on the fraction with strong adsorption ability on cellulose. The
structure of CBM1 in this fraction has been analyzed and a new type of CBM1 has been

found. I have studied the reason why this type of CBM1 can adsorb on cellulose strongly, as
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described in the following chapter. In addition, similar types of CBM1 have been found in
many enzymes from basidiomycetes and fungi. Therefore, the relationships between the

structure and function of these enzymes are discussed in this thesis.
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L. Zhong et al. Carbohydr Res, 344, 1984 (2009)

Fig. 1-1. (A) CBM1 (typical type A CBM) of Cel7A (CBH I) from 7. reesei (PDB ID:
1CBH) [2] and (B) CBH I from T reesei docked onto the cellulose surface by CBM1 [4].
The dotted line shows the flat hydrophobic surface consisting of three aromatic amino acids
(Tyr 5-Tyr 31-Tyr 32) for adsorption to cellulose.
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Chapter 2: Adsorption behavior of CBM1 of endoglucanase from 7Trametes

hirsuta on cellulose

2. Introduction

Carbohydrate-binding module family 1 (CBMI1) is widely distributed in fungal
cellulases and proteins related to cellulose degradation, and CBM1 may be found at either the
N- or the C-terminus of the protein. Al CBM1 members show high primary structure
similarity regardless of the type of catalytic domain. During the degradation of crystalline
cellulose, CBM1 gives the catalytic domain a chance to approach the substrate, thereby
enhancing degradation at the liquid-solid interface. The adsorption of CBMI is thus
necessary for efficient attack on insoluble substrates. The interaction between CBM1 and
cellulose is diminished by the addition of ethylene glycol [1], cellodextrins, and an increase
in temperature [2]. However, the additives have to be removed before the following round of
saccharification, while taking care not to denature the enzymes. On the other hand,
temperature is easy to regulate, but does not result in aggressive desorption. A simple and
effective process, with mild conditions for enzymes and the environment, was required for
the desorption of the enzyme. Some chaotropic agents, such as ammonium sulfate, acetate,
urea, and iodine, are known to affect hydrophobic interactions [3-4]. These have been used in
hydrophobic chromatography [5] and the purification of DNA fragments [6], among other
uses. DNA is separated easily from cell lysates by increasing the hydrophobic interaction
between nucleic acids and silica particles. In the same manner, the interaction between CBM 1
and cellulose would also be controllable by changing the concentration of chaotropic agent.
As described in this chapter, the adsorption behavior of CBM1 was studied using the CBM 1
of EG1 from Trametes hirsuta (CBMpgg1) fused to GFP protein (CBM z,r1-GFP), and the

possibility of recycling the enzyme was investigated.

2.1. Materials and methods
2.1.1. Chemicals and strains

Microcrystalline cellulose (MC) (column chromatography grade, Merck, Germany) was
used as a substrate for cellulose-binding assay. Escherichia coli DH5a purchased from Takara
(Japan) was used as the host strain for plasmid extraction, grown at 37°C in Luria-Bertani

medium containing 50 pg/mL ampicillin. Plasmid pBluescript II SK(+) was used as the
15



subcloning vector. E. coli BL21 (DE3) Origami strain (Novagen, NJ) and plasmid
pRSET/EmGFP (Invitrogen, CA) were used for CBM1 of T. hirsuta from EG1 fused to green
fluorescence protein (CBMpeg1-GFP) expression. Aspergillus oryzae niaD™ and expression
vector pNAN-8142 were used as a host for the expression of recombinant cellulase (kindly
provided by Ozeki Corporation, Japan). Carboxymethyl cellulose (CMC) (Tokyo Kasei,
Japan) and MC were used for enzymatic assays. Schematic diagrams of the recombinant

proteins are shown in Fig. 2-1.

2.1.2. Analytical methods

SDS-PAGE was performed by the method of Laemmli [7]. As the molecular weight
standard, low range (BIO-RAD, USA) marker was used. The fluorescence intensities of
CBMyeGi-GFP and GFP were measured using an FP-6200 spectrofluorometer (JASCO,
Japan).

2.1.3. Plasmid construction and expression of CBM1 of ThEG1 and GFP fusion protein

The amino acid sequence of the CBMI1 from T hirsuta EG1 is
VWGQCGGIGFSGDTTCTASTCVKVNDYYSQCQ (three aromatic amino acid residues
that are essential for adsorption are underlined). The cDNA encoding the region of CBM1 of
T hirsuta EG1 (CBMy;gg1) was amplified by PCR using PrimeSTAR HS DNA polymerase
(Takara, Shiga, Japan) with sense primer (5’-GCCCGGATCCTCGACCGCCGTCTGGGG-3’,
BamHI site is underlined) and reverse primer
(5’-GTCGCCATGGGTGCGGACGCGCCAGC-3’, Ncol site is underlined). The amplified
CBMyygg) fragment was digested with BamHI and Ncol, and ligated to the same site of
pRSET/EmGFP for fusion to GFP with a histidine tag. The resulting plasmid named
PRSET-CBM7;:61-GFP was used as an E. coli expression vector.

E. coli BL21 (DE3) Origami strain was transformed by pRSET-CBMy;gg1-GFP and
grown in 200 mL of Luria-Bertani medium containing 100 pg/mL ampicillin at 30°C with
rotary shaking at 180 rpm. When optical density (OD) 600 reached 0.6, isopropyl
B-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM. The culture
was further incubated overnight, and then cells were harvested by centrifugation and
suspended in 20 mM sodium phosphate buffer (pH 7.4) containing 0.5 M NaCl. Resuspended

cells were disrupted by ultrasonic treatment and each CBMyyggi-GFP was purified from
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supernatant using a His-trap FF column (5 mL, GE Healthcare, UK) according to the
manufacturer’s instructions. Purified CBMy;eq-GFP was extensively dialyzed against 2 mM
sodium acetate buffer (SAB) (pH 5.5). As a negative control, GFP was also expressed in E.
coli using pRSET/EmGFP vector and was purified by the same procedure.

2.1.4. Plasmid construction and expression of recombinant enzyme in Aspergillus oryzae

The CBM1 deletion mutant of r7TAEG1 (rThEG14CBM) was expressed in 4. oryzae. The
cDNA region of the ThEGI catalytic domain was amplified by PCR using sense primer
(5’-GCGTCAGCTGTCACGTCGACCGCCTC-3’, Pvull site is underlined) and antisense
primer (5’-GGGAATTCGAGAAGAGATGAAGCGCTGTATTCC-3"). The amplified
fragment was digested by Pvull and HindIll (internal site of ThEG1). To fuse the signal
sequence, the fragment was inserted into pBS/egl, which is a plasmid vector containing the
full-length ThEG1 cDNA, after the PshAl- and HindlIlI-digested fragments had been removed.
After the sequence was confirmed, the entire insertion was transferred into pNAN-8142
vector digested by Xhol and Xbal. Construction of the A. oryzae expression system of
rThEG1 and rEx-1 from I lacteus MC-2 was performed as previously described by Nozaki
[8] and Toda [9].

The A. oryzae transformants were grown in SPY medium containg 2% starch, 1%
polypeptone, 0.5% yeast extract, 0.5% KH,PQOy4, and 0.05% MgSO;4 for 3 days at 30°C with
rotary shaking at 120 rpm. Purification from the culture medium supernatants of each

recombinant cellulase was as described in previous studies [8] [9].

2.1.5. Measurement of protein amount

The reaction mixture (0.1 mL) consisted of 50 pg/mL CBMy;ggi-GFP or recombinant
enzymes, 10 mg/mL MC, 50 upg/mL bovine serum albumin (BSA), and 0.2 M
Britton-Robinson’s wide range buffer (pH 4-11) or 2-100 mM SAB (pH 5.5), in a 0.2 mL
siliconized tube. It was incubated for 5 hours at 4°C, being turned upside down once per min.
After the suspension had been centrifuged, supernatant and precipitate were isolated, and
precipitate was further washed twice with 100 mM SAB (pH 5.5).

The amounts of GFP and CBMprgi-GFP adsorbed on MC were determined by
measuring the decrease of fluorescent intensity (excitation/emission = 487/509 nm) in the

supernatant of the reaction mixture. The amounts of protein adsorbed to MC, which
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corresponds to the precipitate described above, were also estimated from the band intensity

by using the image analysis software ImageJ (http://imagej.nih.gov/ij/) after electrophoresis.

2.1.6. Time course of adsorption and desorption

CBMyeGi-GFP, rThEG1, and rEx-1 (50 pg/mL) were individually adsorbed to 1 mg of
MC in the presence of 100 mM SAB (pH 5.5), in a total volume of 0.2 mL, for 5 hours at
30°C. After centrifugation at 13,000 rpm for 5 min, the obtained precipitate was suspended in
distilled water for 3 hours. Desorption was carried out at 45°C with incubation for 3 hours.

During this experiment, the reaction mixture was turned upside down once per min.

2.1.7. Enzymatic assay

rThEG activity was determined in 0.2 M Britton-Robinson’s buffer (pH 4-13) as
previously described by Nozaki [8]. Either r7Z/EG1 or rTAREG14CBM (50 pg/mL for MC or
250 ng/mL for CMC) was incubated with 10 mg/mL substrate and 50 mg/mL BSA in 2-100
mM SAB (pH 5.5) in a total volume of 0.3 mL. Incubation was carried out for 60 hours (for
MC) or 30 min (for CMC) at 30°C, with turning upside down once per min. After incubation,
the enzymes were heat-denatured by boiling. All buffer concentrations and their volumes
were then adjusted to 100 mM and 0.35 mL so as not to influence color development in the
following analysis. The amount of reducing sugar produced in the following analysis was

measured by the method of Somogyi-Nelson using D-glucose as a standard [10-11].

2.2 Results
2.2.1. Expression and purification methods of each protein

The GFP and CBMz;561-GFP were expressed as 6 x His-tag fusion protein in E. coli and
purified nickel affinity chromatography. Two proteins, r7ZEG1 and rThEG14CBM, were
expressed in 4. oryzae and purified by DEAE Sepharose CL-6B and Toyopearl HW50S [8].
The rEx-1 was also expressed in A. oryzae and purified with a cellulose affinity column [9].

These proteins were purified to a single band on SDS-PAGE (Fig. 2-2).

2.2.2. Adsorption conditions of CBMy;,r:1-GFP on cellulose
Appropriate conditions for adsorption were determined first. CBMypg-GFP was

incubated with MC under various pH conditions for 5 hours at 4°C. As shown in Fig. 2-3, the
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highest adsorption (about 65%) was observed around pH 4.5-5.5. At this pH, about 65% of
CBMy,561-GFP adsorbed to MC. This pH also corresponded to the optimum pH of r7AEG for
MC hydrolysis. At higher pH, adsorption decreased gradually. About 50% of CBM r;gG1-GFP
adsorbed at pH 9.0 and r7hEG1 showed only 10% activity at this pH. This pH-dependent
adsorption was very similar to that of CBM1 from 7. reesei Cel7A (CBH I) [12]. Subsequent
adsorption experiments were performed at pH 5.5 because the stability of fluorescence
emission was remarkably low below pH 5.0. As for the incubation period, adsorption almost
reached saturation by 3 hours at 4°C, and increased only slightly after this time. The

incubation time was therefore fixed at 5 hours at 4°C in the following experiments.

2.2.3. Regulation of CBM7,£G1-GFP adsorption

GFP and CBMz;eG1-GFP were incubated with MC in various concentrations of SAB (pH
5.5). As a result, the amount of adsorbed protein was increased by increasing the
concentration of SAB, as indicated by SDS-PAGE (Fig. 2-4 (A)). The CBMyyggi-GFP
apparently adsorbed to MC in a manner dependent on the SAB concentration. The amount of
protein reached ~65% at 100 mM SAB (Fig. 2-4 (B)), and remained constant at buffer
concentrations of 100-300 mM (data not shown). On the other hand, ~8% GFP always
adsorbed at any buffer concentration. Besides SAB, ammonium sulfate and NaCl
concentrations in the presence of 2 mM SAB (pH 5.5) were also varied. Adsorption increased
gradually until 50 mM, but adsorption peaked at only 35-40% (data not shown). It was
reported that the adsorption of Cel7A increased 10% in the presence of 0.8 M ammonium
sulfate [1]. However, we observed no remarkable increase, possibly because the buffer

concentration used for the reaction might have itself been sufficient for adsorption.

2.2.4. Regulation of recombinant enzyme adsorption

As shown in Fig. 2-5 (A) and (B), rThEG1, which contains CBM1, adsorbed to MC in
the same manner as did CBMp,1-GFP. It was perfectly controllable in the range of 10-40%
by changing the buffer concentration from 2 to 100 mM. On the other hand, rTAREG14CBM
hardly adsorbed to MC at any concentration. On the other hand, most of the rEx-1 adsorbed

tightly to MC regardless of the buffer concentration (Fig. 2-6).

2.2.5. Time course of adsorption and desorption
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As shown in Fig. 2-7, all of the studied proteins adsorbed to MC in 100 mM acetate
buffer at 30°C and rapidly desorbed with water at 45°C. All adsorptions were saturated within
3 hours, while the time for desorption remained constant at under 30 min. After desorption,
most of the MC remained without being degraded. When the temperature of incubation was
30°C, adsorption was lower than seen at 4°C in all cases. The decrease in adsorption was 30%
for rThEGI and rEx-1, but only 5% for CBMyz;eGi-GFP. During the desorption step, adsorbed
proteins were released and the adsorption levels of r7TAEGI, rEx-1, and CBMypg-GFP
decreased to 7, 20, and 35%, respectively. The low adsorption at 45°C might have been due to
the fact that adsorption affinity to cellulose decreased at higher temperatures and because

cellulose was partially hydrolyzed during incubation.

2.2.6. Relationship between adsorption and hydrolysis

The hydrolytic ability of each enzyme for MC and CMC was determined at various
adsorption levels by changing the buffer concentration. When degrading MC at an SAB
concentration of 2 mM, r7AEG1 showed almost the same hydrolysis as rTAREG1ACBM (Fig.
2-8 (A)). This indicates that hydrolysis proceeded without adsorption at this concentration. At
an SAB concentration of 100 mM, r7hEG1 showed 1.6-fold-higher hydrolysis than
rThEG14CBM. This value was reflected in the specific activity of each enzyme. When CMC
was used as the substrate, the hydrolysis ratio between r74#EG1 and rThEG14CBM was
nearly constant at any concentration (Fig. 2-8 (B)). The hydrolysis of soluble cellulose did
not seem to depend on adsorption. Interestingly, each hydrolysis behavior commonly fitted 2
lines, which crossed at around 10 mM. The first line was in the range of 0-10 mM, in which
hydrolysis increased remarkably. In the second line (over 10 mM), the hydrolysis of MC
alone by rThEG increased gradually, whereas hydrolysis of CMC, which did not require

adsorption, remained constant.

2.3. Discussion

The result from the effects of pH on CBM;,561-GFP and r7TAEGT1 activity for MC (Fig.
2-3) showed a correlation between adsorption and enzymatic hydrolysis. In addition,
CBM 561 adsorbed to cellulose in a manner dependent on SAB concentration (Fig. 2-4). On
the basis of the results from the adsorption of CBMzG1-GFP, the adsorption behavior of the
enzymes was also investigated. The amount of adsorbed CBMy;gg-GFP and r7TAEG1 was
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increased in proportion to the SAB concentration (Fig. 2-4 and Fig. 2-5). These results
indicate that ion-dependent adsorption of CBM1 was observed even when the catalytic
domain was included. However, no influence on the adsorption to MC was observed in the
case of rEx-1. rEx-1 contains CBM1 at the C-terminus, and the amino acids that are essential
for adsorption are identical to those of r7AEGI1. This type of enzyme has a tunnel-shaped
active site at the catalytic domain, and hydrolyzes crystalline cellulose in a processive manner
[13-14]. T suggest that the binding of the cellulose chain to the catalytic domain might be
much stronger than that of CBM1, or alternatively that the binding is not easily influenced by
buffer concentration.

CBMyeG1-GFP, rThEGI, and rEx-1 were adsorbed to MC at 30°C and rapidly desorbed
at 45°C (Fig. 2-7). The differences in adsorption or desorption among these proteins might
also be explained by differences in the affinity of the catalytic domain, hydrolytic activity
against cellulose, and variations in the CBM1 amino acid sequence between r7#EG1 and
rEx-1. In particular, r7ThEG1 belonging to the GH family 5 endoglucanase preferentially
hydrolyzes the amorphous region of cellulose, to which cellulases adsorb with high affinity.
The loss of the amorphous region might have resulted in the low adsorption of r7h/EGI
(~50% adsorption in Fig. 2-5) compared with that of CBMprgi-GFP, even though they
contain the same CBMI.

The enzymatic hydrolysis of insoluble cellulose is strongly influenced by the adsorption
capacity of the enzyme [15]. The adsorption of CBM1 is easily controllable by changing the
SAB concentration. This allows the relationship between adsorption and hydrolysis activity
to be revealed. Buffer concentration might affect the ionization of functional groups of the
catalytic domain and the formation of an electrostatic bond, as well as hydrophobic
interactions. At extremely low buffer concentrations, the active site of the enzyme might not
be arranged in the concentration needed for catalysis. At buffer concentrations over 10 mM,
the catalytic domain was maintained in the optimal conformation. This was supported by the
result that the hydrolysis of CMC was not influenced at all (Fig. 2-8 (B)). In the range of
10-100 mM, hydrolysis of insoluble substrate was highly dependent on adsorption (Fig. 2-8
(A)).

In chapter 2, we have demonstrated that the adsorption and desorption of CBM1 can be
easily regulated by changing SAB concentration. This regulation can be easily combined with

existing saccharification and enzyme recycling processes. The advantage of this is that it
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avoids the carry-over of hydrolysates such as cello-oligosaccharides and salts contained in
cellulosic materials into the next saccharification step. However, some improvements are
required before this process can be put to use. The desorption conditions have to be
considerably improved to recover larger quantities of enzymes. Additionally, for
B-glucosidase, which converts cellobiose into glucose, the presence of CBM1 might be
available for the recovery process.

Finally, hydrolytic activity is strongly influenced by SAB concentrations when fungal
cellulase is assayed using insoluble cellulose as the substrate. For the determination of
reducing sugar, the buffer concentration tends to be kept as low as possible, so as not to
disturb color development. However, buffer concentration should be over 100 mM when

acetate buffer is used, as otherwise CBM1 might not adsorb maximally.
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Fig. 2-1. Schematic diagrams of proteins used in the work described in this chapter.

GFP and CBMy;p61-GFP were expressed in recombinant E. coli. tfThREG14ACBM, rThEG1
(from T. hirsuta), and rEx-1 (from I. lacteus) were expressed in recombinant A. oryzae. The
colors of each unit are as follows: purple, histidine tag; green, GFP; blue, CBM1; orange, GH
family 5 catalytic domain; magenta, GH family 7 catalytic domain.
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Fig. 2-2. SDS-PAGE of purified proteins used in the work described in this chapter.
M, molecular weight markers; lane 1, GFP; lane 2, CBMy;g61-GFP; lane 3, r7ThEG1; lane 4,
rThEG14CBM; lane 5, rEx-1.
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Fig. 2-3. Effects of pH on CBM ;£Gi-GFP adsorption and r7AEG1 activity.
o, CBMy;ri-GFP as a percentage of initial protein; o, relative activity of rTAEG1 for MC.
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Fig. 2-4. Adsorption of CBM7,51-GFP to MC at various buffer concentrations.

(A) Adsorbed proteins were subjected to SDS-PAGE. Ct, total amount of protein used in the
experiment; M, molecular weight markers. (B) Percentage of adsorbed protein was quantified
from the fluorescence data. ®, CBMy,z61-GFP; o, GFP.
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Fig. 2-5. Adsorption of rThEG1 and rThEG14CBM.

(A) SDS-PAGE of the adsorbed proteins. Ct, total amount of protein used in the experiment;
M, molecular weight markers. (B) Adsorption was estimated by measuring the intensity of
the bands using ImageJ software. o, r7ThEGI; o, rThAEG14CBM.
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Fig. 2-6. Adsorption of rEx-1 to MC at various buffer concentrations.
Ct, total amount of protein used in the experiment; M, molecular weight markers.
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Fig. 2-7. Time course of adsorption and desorption of CBMy;rci-GFP, rEx-1, and
rThEGI1 to MC.

CBMe61-GFP, rEx-1, and rThEG1 were adsorbed to MC in the presence of 100 mM SAB
(pH 5.5) at 30°C. The protein was then desorbed with water at 45°C. The vertical axis
indicates the percentage of initial protein adsorbed at each time. ®, CBM G 1-GFP; o, rEx-1;
A, rThEGI.
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Fig. 2-8. Relationship between adsorption and hydrolysis.
Hydrolysis of MC (A) and CMC (B) was determined at various buffer concentrations. The
dashed lines indicate the reflection points of the two lines. o, rTAEGI; o, rThREG14CBM.
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Chapter 3: Screening of proteins strongly adsorbed on cellulose from

Driselase and elucidation of their properties

3. Introduction

White-rot basidiomycetes are a group of fungi characterized by the ability to
depolymerize and mineralize lignin in wood using a set of extracellular ligninolytic enzymes
[1]. Irpex lacteus, a kind of white-rot fungus, is known as a strong cellulase and
hemicellulase producer and used for the production of a commercial enzymatic preparation,
Driselase. I. lacteus has also been found to be very efficient in lignocellulose degradation
compared with other fungi, and it is expected that fungal biochemical pretreatment by /.
lacteus would enhance the conversion of cellulosic biomass [2-3]. In our research, several
cellulases and hemicellulases were purified from Driselase to study a biomass-degrading
system of . lacteus.

In our previous research, several cellulases and hemicellulases were purified from
Driselase, and their enzymatic properties were studied for both basic research and application
processes in a biomass decomposition system. To date, two CBH I-type cellulases (named
Ex-1 and Ex-2) [4-5], one CBH Il-type cellulase (Ex-4) [6], and EG-type cellulase (En-1)
[7-8] have been purified from Driselase. These cellulases from /. lacteus MC-2 have also
been heterologously expressed as recombinant enzymes and their enzymatic properties have
been revealed. In addition to the cellulolytic enzymes, some xylanolytic enzymes like
xylanase have been reported. In 1985, Amano and Kanda reported two endo-1,4-B-xylanases,
designated xylanase I and III, purified from Driselase and their enzymatic properties [9-12].
Xylanase is one of the representative hemicellulases and plays important roles in biomass
degradation in nature.

Upon the degradation of insoluble substrates like crystalline cellulose and also the plant
cell wall, the adsorption of enzymes to the surface of the substrate is one of the key steps for
efficient hydrolysis. As described in chapter 2, CBM1 plays very important roles in the
adsorption and desorption behaviors of enzymes on insoluble substrates. Recently, draft
genome sequence analysis of 1. lacteus NK-1 was carried out (unpublished data) and showed
that at least 12 cellulolytic and hemicellulolytic enzymes have CBM1 with different amino
acid sequences (Table 3-1). Interestingly, non-cellulolytic enzymes, one [-glucosidase

belonging to GH family 3 and three xylanases belonging to GH family 10, also have different
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motifs of CBM1 in the N- or C-terminal region. Actually, many cellulose-binding proteins
were also found in the culture broth of . lacteus NK-1 (Fig. 3-1). As described in this chapter,
proteins strongly adsorbed on microcrystalline cellulose were screened from Driselase,
produced by /. lacteus MC-2, by using the cellulose affinity method developed as described
in chapter 2.

3.1. Materials and methods
3.1.1. Chemicals and strains

Driselase was kindly provided by Kyowa Hakko Co. (Japan). Microcrystalline cellulose
(MC) (column chromatography grade, Merck, Germany) was used as a carrier for
fractionation and a substrate for enzymatic assay. Birchwood xylan (Sigma-Aldrich, USA),
oatspelt xylan (Sigma-Aldrich, USA), and carboxymethyl cellulose (CMC) (Tokyo Kasei,
Japan) were also used for enzymatic assays. Ion liquid-pretreated erianthus (hardy pampas
grass), consisting of 49% cellulose, 28% hemicellulose, and 23% lignin, was provided by
Hayakawa, and used as a biomass substrate. Pretreatment of erianthus was performed in 16.2
mL of 1-ethyl-3-methylimidazolium acetate (120°C) with 0.5 g of erianthus at 90 min.
Dissolved erianthus was precipitated in addition to 40 mL of deionized water. The
regenerated erianthus was centrifuged at 3,000 rpm for 10 min and washed with deionized
water, twice. Chromogenic substrates for enzymatic assay, such as pNP-B-D-glycopyranoside
(pNPG1), pNP-B-D-cellobioside (pNPG2), pNP-B-D-lactopyranoside (pNPL), and
pNP-B-D-xylopyranoside (pNPX1), were purchased from Sigma-Aldrich (USA). CBB-R250
(Wako, Japan) and AE-1360 EzStain Silver (Atto, Japan) were used for SDS-PAGE gel
staining. PVDF membrane (GE Healthcare, UK) was used for the transfer of digested
proteins after SDS-PAGE. DEAE Sephadex A-50 (Pharmacia Biotech AB, Sweden) was used
for column chromatography. Silica Gel 60 A (Merck, German) was used for thin-layer
chromatography (TLC). Xylose (X1) (Wako, Japan) and xylooligosaccharides (X2~X6)
(Biocon, Japan) were used as substrates for TLC.

pBluescript II SK(+) (Stratagene, USA) was used for subcloning and sequencing of the
Xynl10B cDNA fragment. Escherichia coli DH5a was used as plasmid host and grown in LB
medium at 37°C on a rotary shaker. Resistance to ampicillin (Amp") was selected by using the
antibiotic at a concentration of 50 pg/mL. Expression vector pPNAN-8142 and expression host

Aspergillus oryzae niaD™ were kindly provided by Ozeki Corporation (Japan). Expression
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vector pET-23d and pCold I (Takara, Japan) and expression host E. coli Origami B strain
(Novagen, NJ) were purchased. GH family 10 xylanase from 7richoderma reesei (named
TrXYN 1II, GenBank accession number is BAA89465) was kindly provided by the

Ogasawara laboratory, Nagaoka University of Technology [13], and used for comparison.

3.1.2. Analytical methods

SDS-PAGE was performed by the method of Laemmli using 12.5% gel [14]. After
electrophoresis, the gels were stained with 0.25% CBB-R250 (Wako, Japan). Low range
protein marker (BIO-RAD, USA) was used as a molecular weight standard. The amount of
protein was determined by the method of Lowry [15] using bovine serum albumin (BSA) as a

standard.

3.1.3. Driselase fractionation

Ten grams of MC was added to 1,000 mL of 1% Driselase solution, and this solution
was agitated overnight at 4°C. The reaction mixture was filtrated and the residual MC was
washed with 600 mL of cold 0.1 M SAB (pH 5.0). Solutions filtrated by the above step were
collected as fraction 1. Proteins adsorbed on MC were eluted with 500 mL of cold water at
4°C (fraction 2), and then eluted with the 1 mM SAB (pH 5.0) at 37°C (fraction 3). Finally,
the residual MC was used as fraction 4. Proteins remaining in fraction 4 were forcibly eluted
with 2% SDS containing 0.06% 2-mercaptoethanol by boiling for 3 min for SDS-PGE. A

flow chart of the cellulose affinity fractionation of Driselase is shown in Fig. 3-2.

3.1.4. Enzymatic assay

In the cellulose affinity fractionation described in 3.1.3, fractions 1 to 3 were directly
used for enzyme activity measurement. Fraction 4 was suspended in 40 mL of 1 mM SAB
(pH5.0) and the suspension was used as the enzyme solution. Purified Xynl0B from
Driselase and recombinant 7¥XYN III were used in solutions at a concentration of 10 pg/mL.
These enzymatic solutions were incubated at 30°C with various substrates, which were
0.125% birchwood xylan, 0.125% oatspelt xylan, 0.125% CMC, and 0.125% ion
liquid-pretreated erianthus contained in 25 mM SAB (pH 5.0). The amount of reducing sugar
produced was measured by the method of Somogyi-Nelson using D-glucose or D-xylose as a

standard [16-17]. The enzyme activity on a chromogenic substrate was measured as follows.
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The enzyme solutions were incubated at 30°C with 1.25 mM pNPL, pNPGI, pNPG2, and
pNPX1 contained in 25 mM SAB (pH 5.0). The reaction was stopped by the addition of 2.0
mL of 1% sodium carbonate solution and then the amount of liberated p-nitrophenol was
estimated calorimetrically at 420 nm. All activity units are defined as the amount of enzyme

that released 1 pmol product per min.

3.1.5. Amino acid sequencing of 42 kDa protein

Fraction 4 in cellulose affinity fractionation was subjected to SDS-PAGE and stained by
AE-1310 EzStaine Reverse (ATTO, Japan). Then, proteins were transferred to a PVDF
membrane (GE Healthcare, UK). The piece of PVDF membrane containing the electroblotted
42 kDa protein was subjected to a PPSQ-31 protein sequencer (Shimadzu, Japan) to
determine the N-terminal amino acid sequence of the native 42 kDa protein. In order to
determine the internal amino acid sequence of the 42 kDa protein, this electroblotted protein
was extracted from the PVDF membrane and incubated with 0.25 ug of V8 protease (Wako,
Japan) contained in 50 mM sodium phosphate buffer (pH7.8) at 37°C for 16 hours. After that,
the digested protein was applied to SDS-PAGE and stained by AE-1310 EzStaine Reverse.
The major fragments corresponding to sizes of 10 and 22 kDa were also subjected to the
protein sequencer by the same method as described above. The resulting sequences were

collated to the database of the 1. lacteus NK-1 draft genome sequence.

3.1.6. Cloning of ¢cDNA encoding 42 kDa protein (Xyn10B) from 1. lacteus MC-2

The strategy for the cDNA cloning of Xynl0B is shown in Fig. 3-3 (A). Full-length
cDNA of Xyn10B was amplified by PCR from first-strand cDNA of 1. /acteus using Prime
STAR HS DNA polymerase (Takara, Japan) with the sense primer
(5’-AAGCTTAAGCTCAACCTCACAAGA-3’, Hindlll site is underlined) and reverse
primer (5’-TCTAGATTACGAGAGAGAGCCTGCATGA-3’, Xbal site is underlined) as per
the following PCR conditions.

(PCR conditions: 95°C for 5 min, followed by 30 cycles at 98°C for 10 s, 49°C for 15 s,
and 72°C for 90 s, followed by a final extension step at 72°C for 5 min.) The amplified
fragment (1,181 bp, Fig. 3-3 (B)) was ligated to the Smal site of pBluescript II SK (+)
(named pBS-Xynl10B). The DNA sequence of the amplified fragment was determined by
Hokkaido System Science Co., Ltd. (Japan).
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3.1.7. Construction and expression of the recombinant Xyn10B in Aspergillus oryzae

Construction of a recombinant Xynl10B expression system in A. oryzae was attempted.
For secreted protein expression, two signal peptide sequences were used. One is the native
signal peptide sequence of Xynl0B from /. lacteus MC-2, and the other is the Taka-amylase
(TAA) signal peptide sequence (Genbank accession number AAA32708) from A. oryzae. The
construction maps of the recombinant Xyn10B expression vectors for 4. oryzae are shown in
Fig. 3-4 and Fig. 3-5. Briefly, a plasmid pBS-Xyn10B was digested by HindIIl and Xbal, and
Xynl0B fragment was inserted into the same sites of pPNAN-8142. The resulting plasmid was
named pNAN-Xyn10B (Fig. 3-4).

To construct the expression vector using TAA signal peptide, signal-lacking cDNA of
Xynl0OB (Xyn10B4Sig) was amplified by PCR from first-strand cDNA of 1. lacteus MC-2
using PrimeSTAR HS with the sense primer (5’-CCCCGGGGGCAGTGGCCTCGATG-3,
Smal site is underlined) and reverse primer (5°-
TCTAGATTACGAGAGAGAGCCTGCATGA-3’, the same primer as described above, Xbal
site is underlined) as per the following PCR conditions.

(PCR conditions: 95°C for 5 min, followed by 30 cycles at 98°C for 10 sec, 49°C for 15 sec,
and 72°C for 80 s, followed by a final extension step at 72°C for 5 min.) PCR product was
bluntly ligated into the Smal site of pBluescript II SK+ and the resulting plasmid was named
pBS-Xyn10B4Sig. TAKA-amylase A signal peptide gene (TAASig)

(AAGCTTTTATGATGGTCGCGTGGTGGTCTCTATTTCTGTACGGCCTTCAGGTCGCG

GCACCTGCTTTGGCTGCAACGCCCGGQG, start codon is boxed, HindIll and Smal sites
are underlined) cloned pBluescript I SK+ (named pBS-TAASig) vector was provided by Dr.
Nozaki. pBS-Xyn10B4Sig was then digested by Smal and Xbal, and Xyn10BA4Sig fragment
was inserted into the same sites of pBS-TAASig. The resulting plasmid named
pBS-TAASig-Xynl10B was then digested at HindlIl and Xbal sites and the TAASig fused
Xynl0B fragment was inserted into the same site of pNAN-8142. The resulting plasmid was
named pNAN-TAASig-Xyn10B (Fig. 3-5).

pNAN-Xynl0B and pNAN-TAASig-Xynl0B were used as A. oryzae expression
vectors. Methods of transforming 4. oryzae were performed according to Gomi et al. [18].
The A. oryzae transformants were grown in SPY medium containg 2% starch, 1%
polypeptone, 0.5% yeast extract, 0.5% KH,POy4, and 0.05% MgSO, for 3 days at 30°C with
rotary shaking at 120 rpm. The supernatant was used for enzymatic assay and SDS-PAGE for
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the examination of recombinant Xyn10B expression.

3.1.8. Construction and expression of the recombinant Xyn10B in Escherichia coli

The construction of a recombinant Xyn10B expression system in E. coli was attempted
using two expression vectors. One was pET-23d vector (Takara, Japan) and the other was
pCold I (Takara) vector. For construction of the pET-23d expression system, pET-bgl-base
vector based on pET-23d was kindly provided by Dr. Nozaki. pBS-Xyn10B4Sig was digested
at Smal and Xbal sites, and Xyn10BA4Sig fragment was inserted into EcoRV and Spel sites of
the pET-bgl-base vector (named pET-Xyn10B) (Fig. 3-6).

For construction of the pCold 1 vector expression system, signal-lacking and
Hindlll-site-added ¢cDNA of Xynl0B (Xynl0BA4Sigy,am) was amplified by PCR from
pBS-Xynl0B using PrimeSTAR HS DNA polymerase with the sense primer
(5’-AAGCTTCAAGTGGAAGCTGTCGCTG-3’, HindlIIl site is underlined) and reverse
primer (5’-TCTAGATTACGAGAGAGAGCCTGCATGA-3’, the same primer as described
above, Xbal site is underlined) as per the following PCR conditions.

(PCR conditions: 95°C for 3 min, followed by 30 cycles at 98°C for 10 sec, 58°C for 10
sec, and 72°C for 88 s, followed by a final extension step at 72°C for 2 min.) PCR product
(Xyn10BASigginanr) was bluntly ligated into the EcoRV site of pBluescript II SK+ and the
resulting plasmid was named pBS-Xynl0BASigyi,gm. The pBS-Xynl0BASigyiam was
digested by HindIIl and Xbal, and Xyn10BASigy.qm fragment was inserted into the same
sites of pCold 1. The resulting plasmid was named pCold-Xyn10B (Fig. 3-7).

pET-Xyn10B and pCold-XynlOB were used as E. coli expression vectors. The
cultivation method of E. coli Origami B strain transformed by pET-Xyn10B was the same as
for CBM;,561-GFP described in chapter 2. E. coli transformed by pCold-Xyn10B was grown
in 100 mL of Luria-Bertani medium containing 100 pg/mL ampicillin at 37°C with rotary
shaking at 180 rpm. When optical density (OD) 600 reached 0.4~0.6, the culture was cooled
in a water bath at 15°C for 30 min and isopropyl B-D-thiogalactopyranoside (IPTG) was
added to a final concentration of 1 mM. The culture was further incubated overnight at 15°C,
and then cells were harvested by centrifugation and suspended in 20 mM sodium phosphate
buffer (pH 7.4) containing 0.5 M NaCl. Cells were disrupted by ultrasonic treatment and
supernatants were recovered by centrifugation. The expression of recombinant Xynl0B in

each E. coli was judged by enzymatic assay and SDS-PAGE analysis using the supernatants.
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3.1.9. Purification of Xyn10B from Driselase

Driselase (10 g) was dissolved in 200 mL of 20 mM ammonium acetate buffer (AAB)
(pH 5.0). Insoluble materials contained in dissolved Driselase solution were removed by
centrifugation at 8,000 rpm for 15 min. The supernatant was fractionated using 40% saturated
ammonium sulfate, and the resulting precipitate was dissolved in 500 mL of 20 mM AAB
(pH 5.0). The solution was applied to a DEAE-Sephadex A-50 column (5.0 x 47 cm)
equilibrated with the same buffer at 4°C. Elution of the proteins was also performed with 20
mM AAB (pH 5.0) and recovered in a test tube as each fraction (10 mL/tube). Each fraction

was applied to SDS-PAGE for confirmation of purity.

3.1.10. Enzymatic hydrolysis and thin-layer chromatography (TLC) analysis of reaction
products

Purified Xyn10B was incubated at 30°C with 0.125% birchwood xylan or 0.2 mg/mL
xylooligosaccharides (X1 to X6) containing 25 mM SAB (pH 5.0). The reaction mixture was
spotted on Silica-gel 60 (Merck, Germany) and well dried, and then developed two times
with a solvent system of isopropanol/butanol/water (60/15/12, vol/vol/vol) at 30°C. Sugar
spots of the TLC plate were detected by heating the plate at 120°C for 5 min after the

spraying of 30% sulfuric acid.

3.2 Results
3.2.1. Component analysis of four fractions from Driselase

To screen the proteins that absorb to MC, the developed method described in chapter 2
was adapted to the commercial enzymatic preparation Driselase. Four fractions obtained by
cellulose affinity fractionation were analyzed by SDS-PAGE (Fig. 3-8). From the previous
studies about each enzyme contained in Driselase, it is possible to some extent to assign the
band on the SDS-PAGE based on the molecular size. Most of the endoglucanase I and CBH
IT (designated as En-1 and Ex-4, 35 and 39 kDa, respectively) were detected in fraction 1,
without adsorption to MC. Although both enzymes have CBMI1 at the N-terminal, both
enzymes were mostly removed by proteolysis at the linker region connecting CBM1 and the
catalytic domain [6, 8]. As a result, it was thought that En-1 and Ex-4 flowed through without
adsorption to MC. On the other hand, CBH I a (designated as Ex-1, 53 kDa) and CBH I b
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(designated as Ex-2, 55 kDa), which seem to be isoforms with different levels of
glycosylation, bound to the MC. Both types of CBH I have CBM1 in their C-terminal regions
[5]. Fraction 4 was the residual MC containing some strongly adsorbed proteins. Interestingly,
it was not eluted with 1 M NaCl, 1% (v/v) Triton X-100, or 0.06% 2-mercaptoethanol (data
not shown). After boiling fraction 4 with 2% SDS and 0.06% 2-mercaptoethanol, some
proteins eluted from MC were detected by SDS-PAGE. The majority of the proteins with a

mass of 42 kDa remained bound to the cellulose without elution.

3.2.2. Enzymatic activity of four fractions on various substrates

Specific activities of each fraction on various cellulosic and xylanolytic substrates are
shown in Table 3-2. Compared with the specific activity of crude Driselase on MC, fraction 1
showed lower activity, but fraction 2 and fraction 3 showed high activities. Despite strong
adsorption on cellulose, fraction 4 containing the 42 kDa protein showed significant xylan
degradation activity (0.217 units/mL), which was 2.4 times higher than the CMC degradation
activity (0.0894 units/mL). It corresponded to about 0.4% and 0.04% xylanase and
CMC-degrading activity of total activity including the start enzyme solution. The pNPXI
degradation activities of fraction 2 and fraction 3 were three times higher than that in crude
Driselase. The pNPG2 and pNPX1 degradation activities were maintained (about 15%) in
fraction 4 more than the pNPG1 and pNPL degradation activities (about 5%).

3.2.3. Amino acid sequencing of 42 kDa protein fragments digested by protease

To identify the 42 kDa protein, the N-terminal amino acids of the 42 kDa protein
without peptidase digestion were firstly sequenced. As a result, the N-terminal sequence was
determined to be Val-Ala-Glu-Trp-Gly-Gln-X-Gly-Gly-Ile-Gly-Phe-Thr (X is unidentified).
Subsequently, to determine the internal amino acid sequence of the 42 kDa protein, protease
digestions using trypsin and V8 protease were carried out. Although no fragments appeared
after trypsin treatment, five fragments (V8-I to V8-V) were obtained by digestion using V8
protease (Fig. 3-9). As shown by N-terminal sequencing of all five fragments, three
fragments (V8-1, V8-II, and V8-V) were coincident with the N-terminal sequence of the
native 42 kDa protein already determined as described above. Two fragments of 10 kDa
(V8-V) and 22 kDa (V8-III) were determined to be
Asn-Ser-Met-Lys-Trp-Asp-Ala-Thr-Glu-Ans-Thr-Arg-Gly-Gln-Phe-Thr and
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Ile-Phe-Asn-Glu-Asp-Gly-Thr-Phe-Arg-Ser-Ser-Val-Phe-Tyr-Asn-Val-Leu, respectively.
These three sequences of the N-terminal and internal region of the 42 kDa protein were
collated to the database of the I. /acteus NK-1 draft genome sequence and shown to be
completely identical to the partial sequences of endo-1,4-B-xylanase belonging to GH family
10. This result agrees with the high xylan degradation activity in fraction 4 of Driselase

described above (Table 3-2). Thus, the 42 kDa protein was designated as Xyn10B.

3.2.4. Cloning of cDNA encoding Xynl0B from I. lacteus MC-2 and heterologous
expression

It is necessary to elute Xyn10B from MC for the further elucidation of protein function.
However, it is too difficult to obtain Xyn10B from residual MC in the non-denatured state.
Thus, an attempt was made to express Xynl0B from /. /acteus MC-2 heterologously. First,
the cDNA encoding Xyn10B was amplified by PCR using primers designed based on the
gene encoding Xynl0B of 1. /acteus NK-1. The successfully amplified PCR product (1,181
bp) was cloned into plasmid pBluescript SK and then sequenced. The cDNA sequence of
Xynl0B was composed of 1,152 bp and the amino acid sequence deduced from it was
composed of 383 amino acid residues (Fig. 3-10). The three peptide fragments of the 42 kDa
protein sequenced by peptide sequencing were contained in the deduced amino acid sequence
and completely coincident. Thus, the 42 kDa protein was genetically identified as Xyn10B
from 1. lacteus MC-2.

The primary structure of XynlOB is composed of three units. From the result of
N-terminal sequencing of the native 42 kDa protein, it was suggested that the first 20 amino
acid residues (Met 1 to Ala 20) form a signal sequence. The regions of CBM1 and the
catalytic domain are from Val 21 to Leu 55 and from Leu 88 to Ser 383, respectively. The
actual molecular mass (42 kDa) determined by SDS-PAGE was about 4 kDa higher than that
calculated from the deduced amino acid sequence (38 kDa). Because there are no possible
sites modified by N-glycosylation, it is thought that this difference was caused by
O-glycosylation in the linker region. A Blast search revealed that the sequence of the Xyn10B
core domain showed high identity with those of GH10 xylanases, such as Phanerochaete
carnosa HHB-10118-sp xylanase (83%, Genbank accession no. EKM58934), Thermoascus
aurantiacus xylanase (63%, PDB no. 2BNJ A), and 7. reesei xylanase III (56%,
BAAS89465.2) (Fig. 3-11). Among these, Xynl0B and P. carnosa xylanase have CBM1. It
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was found that /. lacteus has two other GH10 xylanases (Xyn10A and Xyn10C), as revealed
by the draft genome sequence (Fig. 3-12). Their catalytic domains showed low homology
(42% and 41% compared with Xynl0B, respectively) and also contained CBM1 at the

N-terminal.

3.2.5. Expression of recombinant Xyn10B

To elucidate the properties of Xynl0B from /. lacteus MC-2, an attempt was made to
express the whole length of Xyn10B heterologously using E. coli and A. oryzae as the host
organism. In the Aspergillus expression system, two signal peptide sequences were used for
secretion. However, recombinant Xyn10B was not detected in the culture supernatant of both
A. oryzae transformants (Fig. 3-13 (A), (B)). Xyn10B was also not detected in E. coli with
the pET vector expression system (Fig. 3-13 (B)). On the other hand, Xyn10B was expressed
as an insoluble body using the pCold vector expression system in E. coli (Fig. 3-13 (B)).
Various conditions, such as variations of IPTG concentration, co-expression by chaperone
plasmid set, and host strain, were tested for the expression into the soluble fraction; however,
no expression of soluble recombinant Xyn10B in the soluble fraction was found. Although
several refolding methods were also attempted for the insoluble Xyn10B, Xyn10B showing
enzymatic activity was not obtained as a result. Since Xyn10B is a multi-domain structured
protein composed of CBM1 and catalytic domain and the flexibility of the whole structure of
Xynl0B would be large, it seems to be difficult to express Xyn10B as a properly folding
structure. Therefore, Xynl0B would be purified from Driselase for elucidation of its

enzymatic properties.

3.2.6. Purification of Xyn10B from Driselase

A summary of the purification of Xyn10B from crude Driselase is shown in Table 3-3.
Most of the Xyn10B in Driselase was precipitated using a 40% concentration of ammonium
sulfate (data not shown). A DEAE Sephadex A-50 column chromatogram of Driselase is
shown in Fig. 3-14 (A). In terms of the hydrolysis activity for birchwood xylan, fractions
were separated into two peaks (Peak 1: fractions 40-80, Peak 2: fractions 81-105, Fig. 3-14
(A)). These peaks were subjected to SDS-PAGE analysis (Fig. 3-14 (B)). As a result, almost
all Xyn10B (42 kDa protein) appeared in Peak 1. Fraction 50 was used as purified Xynl10B
for the following experiments, since Xyn10B was purified as almost a single band in fraction

50.
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3.2.7. Xyn10B hydrolysis product from xylan

The TLC analysis of hydrolysis products from birchwood xylan by Xyn10B is shown in
Fig. 3-15. Xyn10B produced X2 and X3 at the early stage of hydrolysis. On the other hand,
the amount of X3 was decreased and small amounts of X1 were produced after the stage of
action, and finally X2 was observed as the main product at the end of hydrolysis. In the case
of xylooligosaccharide degradation, X2 was produced mainly from X3, X4, X5, and X6 for a
24 hour reaction, although a small amount of xylose was produced (Fig. 3-16 (A)). The time
course of hydrolysis products from X5 by Xynl0B is shown in Fig. 3-16 (B). X2~X4 were
produced by Xyn10B at the early stage of hydrolysis. In particular, a small amount of X4 was
produced but X1 was not produced at the first stage. The final products from birchwood
xylan were the same as those from xylooligosaccharides, although oligosaccharide that had
higher DP was detected. This is thought to be heterooligosaccharide, as birchwood xylan
contained glucuronic residues as a side chain. The modes of action mentioned above
coincided with those of typical family 10 xylanases. From these results, Xyn10B shows

endo-type activity for xylan, which is similar to 7¥XYN III and Xyn3 from 4. oryzae [19].

3.2.8. Comparison of hydrolysis behavior between Xyn10B and 7rXYNIII

GH10 xylanase (7*XYN III) from T reesei is only composed of a catalytic domain, and
the homology of the catalytic domain between Xynl10B and 7XYN III is very high. Here, to
confirm the effect of CBM1 in xylanase, Xyn10B and TrXYNIII were reacted to pure xylans
such as birchwood and oatspelt xylans and biomass treated with ionic liquid.

First, the specific activities of Xyn10B on birchwood xylan and oatspelt xylan were 24.3
U/mg and 8.14 U/mg, respectively. Those of 7+XYN III were about 1.5-fold higher than those
of Xynl10B (32.9 U/mg and 12.1 U/mg, respectively), but the differences were not so large.
The time courses of reducing sugar production from both xylans are shown in Fig. 3-17 (A)
and (B). The velocity of 7rXYNIII was slightly higher than that of Xyn10B at the initial stage
of the reaction (~2 hours). It was also revealed that CBM1 of Xyn10B showed no ability to
adsorb to insoluble xylan. Thus, it is thought that the effect of CBM1 for hydrolysis of both
soluble and insoluble xylans was extremely low.

On the other hand, the production of reducing sugar from biomass treated with ionic

liquid after a 24 hour reaction by Xynl10B was 3.3-fold higher than that of 7XYN III (Fig.
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3-17 (C)). The levels of reducing sugars produced at the end of hydrolysis of Xyn10B and
TrXYN III were 2.44 pmol/mL and 0.74 umol/mL, respectively. The erianthus treated with
ionic liquid contained 28% hemicelluloses and 49% cellulose. In this case, CBM1 might
enable the catalytic domain of Xynl10B to attack the xylan chain efficiently by adsorption to

cellulose around the xylan.

3.3. Discussion

As described in this chapter, an interesting protein that strongly adsorbed to MC without
desorption was detected using a cellulose affinity column. Furthermore, this protein was
identified as an endo-1,4-B-xylanase by N-terminal amino acid sequencing and cDNA cloning,
and designated as Xyn10B.

Xynl10B was shown to be composed of two domains, namely, CBM1 at the N-terminal
and a catalytic domain at the C-terminal, which supports the adsorption ability of Xyn10B to
MC. Draft genome sequence analysis has already been carried out using /. lacteus NK-1
(unpublished data). The homologous sequences to CBM1 from ## were found from a total of
12 enzymes, including not only cellulose, but also xylanase, B-glucosidase, and
xyloglucanase (Table 3-1). Although xylanases from 7. reesei and Thermoascus aurantiacus
have no CBMI, it is interesting that Phanerochaete chrysosporium xylanase (XynA,
GenBank ID: AAG44993.1) has CBM1 at the N-terminal. As just described, CBM1 is
comparatively distributed in hemicellulases and non-hydrolytic proteins, as well as most
cellulases among various fungi.

In general, CBM1 does not adsorb to hemicelluloses such as xylan, mannan, and other
amorphous polysaccharides. Actually, CBM1 of Xynl0OB shows no adsorption ability to
insoluble xylans such as oatspelt xylan. The residual MC called fraction 4 in cellulose affinity
fractionation showed hydrolytic activities for birchwood and oatspelt xylans (Table 3-2). This
means that the adsorption ability to cellulose and the hydrolytic activity of Xyn10B function
independently. In the degradation of erianthus treated with ionic liquid, Xyn10B showed
higher activity than 7¥XYNIII, while the hydrolytic activities for pure xylan were not so
different between XynlOB and 7rXYNIII (Fig. 3-17). It was reported that CBM 2 of
xylanases from Pseudomonas fluorescens (XYLA and XYLC) could increase the degradation
rate of plant cell wall [20] because XYLA and XYLC attached to cellulose via CBM2, and

the linker region enabled the catalytic domain to access multiple hemicellulose chains. It was
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also reported that CflXynllA from Cellulomonas flavigena, which also contains CBM2,
showed a high synergistic effect with 7. reesei EG 1 (Cel7B) in the initial stage of sugar cane
bagasse degradation [21]. On the other hand, only the catalytic domain of CflXyn11A showed
lower levels of synergy and hydrolytic activity. It was discussed that the cellulose-binding
domain of xylanase may be an advantage for the removal of xylan found in the close vicinity
of cellulose, and make cellulase more accessible on cellulose. Moreover, it was reported that
not only xylan degradation but also the degradation of other hemicelluloses in biomass was
increased by a cellulose-binding domain. CBM1 of Man5A could increase mannan/cellulose
complex degradation. As just described, the existence of CBMI1 in hemicellulases and
non-hydrolytic proteins except cellulase might contribute to the efficient degradation of the
plant cell wall in a native environment [22].

Sugimoto et al. reported that more than 80% of cellulases with CBM1s were eluted
from a cellulose affinity column at room temperature [23]. However, Xyn10B was not eluted
from MC by changing the temperature and concentration of salt after adsorption. It has also
been reported that several cellulose-binding modules irreversibly adsorb onto cellulose
without desorption. For example, CBM1 of CBH II from 7. reesei has an additional S-S bond,
which may stabilize the steric structure, resulting in the high capacity for adsorption on
cellulose [24]. In a second case, CBM2a of xylanase 10A from Cellulomonas fimi has a more
planar binding face and the thermodynamic driving force is dominated by entropic effects,
notably dehydration of polar surface residues [25-27]. However, it seemed that the mode of
action of those irreversible CBMs from 7. reesei or C. fimi differs from Xyn10B adsorption to

cellulose because it was completely immobilized on the cellulose surface.
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Fig. 3-1. SDS-PAGE of proteins adsorbed to microcrystalline cellulose from culture
broth of Irpex lacteus NK-1.
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Fig. 3-2. Flow chart of the cellulose affinity fractionation of Driselase.
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Fig. 3-3. Construction map of pBS-Xyn10B (A) and agarose gel electrophoresis of PCR
fragment of Xyn10B cDNA gene amplification.

M, DNA digested markers; Xyn, PCR product of Xynl0B cDNA gene amplification. A
mixture of MHindIll and ¢174/Haelll was used as size markers. The arrow shows amplified

cDNA of Xyn10B.
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Fig. 3-4. Construction map of pNAN-Xyn10B
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Fig. 3-5. Construction map of pNAN-TAASig-Xyn10B
ASigXynl10B fragment was obtained from pBS-4SigXyn10B by Sma I and Xba I digestion.

51



pET-bgl-base EcoRV

‘ ASigXyn10B ‘
Sma | ligation site Xba | ligation site

Spe |
FEcoR V, Spel
digestion ‘

pET-Xyn10B

Fig. 3-6. Construction map of pET-Xyn10B

ASigXynl10B fragment was obtained from pBS-4SigXyn10B by Sma I and Xba 1 digestion.
The Xba 1 ligation site and the Sma I ligation site of 4SigXyn10B were ligated to Spe I site
and EcoR V of pET-bgl-base respectively.
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ASigXyn10B fragment was amplified by PCR.
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Fig. 3-8. SDS-PAGE of fractionated components adsorbed to MC.

M, molecular weight markers; D, Driselase, which is a commercial enzyme preparation; lane
1, non-adsorbed fraction; lane 2, eluted fraction at 4°C; lane 3, eluted fraction at 37°C; lane 4,
eluted fraction with 2% SDS containing 0.06% 2-mercaptoethanol by boiling for 3 min.
Known enzyme appearance position and 42 kDa protein (Xyn10B) are indicated by arrows.
The acrylamide concentration of the gel was 12.5%.
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Table 3-2. Specific activities of each Driselase fraction on various substrates

Specific activity (mU/mg)

Substrate

Driselase Fraction 1 Fraction 2 Fraction 3 Fraction 4 °
MC* 19.7 16.3 34.7 534 3.80
cMC“ 3920 4700 950 1455 64.5
Birchwood xylan 954 N.D. N.D. N.D. 157
Oatspelt xylan “ 585 N.D. N.D. N.D. 439
pNPG1° 83.6 85.2 17.5 394 4.18
pNPG2° 29.1 25.0 24.6 17.4 4.50
pNPL’® 8.97 8.41 143 7.57 0.442
pNPX1° 2.11 1.87 6.15 5.87 0.338

N.D.: not determined

a: One unit is defined as the amount of enzyme that produces reducing power equivalent to 1.0 pmol

D-glucose per min.

b: One unit is defined as the amount of each pNP-substrate-digesting activity that releases 1.0 pmol pNP.
¢: The MC residue of Driselase fractionation was suspended with 40 mL of 1 mM SAB (pH5.0), which

was used as an enzymatic solution of fraction 4.
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Fig. 3-9. SDS-PAGE of proteolysis pattern of 42 kDa protein digested by V8 protease.
M, molecular weight markers. The arrow indicates V8-protease-digested fragments from
Xynl0B. The acrylamide concentration of the gel was 15.0%.
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1 ATGAAGTATCTTGCTGCTCTCGTCGCCCTCGCCACCAGCGTCGTATTCCAAGTGGAAGCT 60

1 M KYLAALVALATS SVVFQVEA 20
61 GTCGCTGAGTGGGGACAATGTGGTGGTATTGGCTTCACTGGCTCTACCACGTGTGACTCT 120
21 VAEWGQC GG G F TGS TTGD S 40

121 CCCTTTGTCTGCACGGTTATCAACAGCTACTACTATCAGTGCTTGCCCGCCGGCTCTGGC 180
41 P FV GCTVINSYYYQCGCLUPAGS SSEG 60
181 TCTGGTACCACTTCTGCTCCTCCGAGCTCCACGTCCACGACTCCTCCTCCATCTGGCGGA 240
61 S GTTSAPPTSTSTTZPPPSGAG 80
241 TCCGGTAGCGGCGGCAGCGGC s 300
81 S GS GGS GLDAKTEFIKAKTGIKVFF 100
301 GBAACTGCCGCCRACCAGAACCGCTTCAGCAACGCACAAGACTCTGCGTCACCATTGCT 360
101 G T AAD QNRTF SNAQDSAVTTITIA 120
561 AACTTTGGTGGTTTGACTCCGGAGAACTCCATGAAGTGGGATGCTACTGAAAATACCCGC 420
121 NF GGLTPENSMKWDATENTHR 140
421 GBCCAGTTCACCTTCTCTGGCTCAGATGCGCTCGTCRCCTACGCTCAACAGAACAACATG 480
141 6GQFTFSGSDALVAYAQQNNMM 160
481 GTCGTCCGTGCACACACCCTCGTCTGGCACTCTCAACTCCCCAGCTGGETCTCTGCCATC 540
161 VVRAHTLVWHSQLZPSWV S A I 180
541 AACGACAAGGCCACTCTCACTTCCGTCATCCAGACCCACATCAACACGGTTGCTGGCCAC 600
181 NDKATLTSVIQ@THTINTVASGHR 200
601 TACAAGGGCAAGGTTCACTCTTGGGATGTTGTAAACGAAATCTTCAACGAGGACGGTACT 660
201 Y K GKVRSWDVVNETIFNETDSGT 220
661 TTCCRTTCTTCCGTCTTCTACAACGTCCTCGGCACGAGCTTCGTCAACCTCACTTTCACE 720
221 FRSSVFYNVLGT SFVNLATFT 240
/21 ACCGCTCGTGCTGCTGACCCCAACGCTATCCTCTACATCAACGACTACAACCTTGACAG 780
241 T ARAADPNATLYTNDYNTLTDS 260
/81 GTCAATGCTAAGCTGCAGGGTCTCGTCAACTTGGTTAAGTCTACAAACAGCGGCCARACA 840
261 VNAKLOQGLVNLVKSTNSG GO QT 280
841 CTCATTGACGGTATCGGTTCGCAGGCTCACTTGAGCGCTGGCCAGACTGGCGGTGTTCAG 900
281 L I DGIT GSQAHLSAGOQTTG GGV AQ 300
901 TCTGCTCTTCAGCTCGCTGCTAGCTCCGGTGTCAAGRAGGTCGCTATCACCGAGCTTGAC 960
301 S ALQLAASSGVY KEVATTTETLTD 320
961 ATTGTCAACGCTGCAGCCAACGACTATGTCGCTGTCATCAAGGCTTGCTTGGCCGTCCCC 1020
321 I V.. AAANDYVAVYVKACGCLAWVTP 340
1021 TCTTGCGTATCCATCACCGTCTGGGGTGTCCGTGACCCAGACTCGTGACGTGCATCCAGE 1080
341 S ¢cVvsSI TVWGEGVRDPDSWRASS 360
1081 AACCCTCTCTTGTTTGATGCCAACTTCCAGCCCAAGCCGGCTTACACCGCCATCATGCAG 1140
361 NPLLFDANTFOQPIKPAYTAVMAQ 380
1141 _TAA
381 L S x*

Fig. 3-10. cDNA sequence and deduced amino acid sequence of Xyn10B gene from Irpex
lacteus MC-2.

The cDNA sequences encoding Xyn10B are colored yellow (signal sequence), cyan (CBM1),
and red (catalytic domain) according to the domain construction of the deduced primary
structure. The amino acid sequences corresponding to the results of N-terminal amino acid
sequence analyses are underlined.
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N-terminal of Xyn10B

I. lacteus MKYLAALVALATSVVFQVEPIVAEWGQCGGIGFTGSTTCDSPFVCTVINSYYYQCHPAGSG 60

P. carnosa MKCLAALVSLATVLTLHARAVAVWGQCGGIGYAGSTVCDAGSHCVYENDYYSQCQP---- 56
T. aurantiacus ——-——-——— - e 0

T. reesei ——c-c-mm e MKANVILCLLAPLVAALPTETIH 23
I. lacteus FFETIANONRFSNAQDSAVTIR 120
P. carnosa IY T‘SDQNRFSNAQDSQVTIH 115
T. aurantiacus YF| ‘TDQNRLTTGKNAAIIQH 38

T. reesei LDPELAALRANLTERTADLWDRQASQSIPOLIINRKEILYF TETRGLLQREKNAAI IQE 83
I. lacteus 180
P. carnosa 175
T. aurantiacus 98

T. reesei 143
I. lacteus TSI IQT 240
P. carnosa TDKNpRAT ST QN 235
T. aurantiacus TDKN TNaMKN 158
T. reesei NNAD QIYIRT] 203
I. lacteus 298
P. carnosa 294
T. aurantiacus 217
T. reesei 262
I. lacteus f\ 358
P. carnosa 353
T. aurantiacus 277
T. reesei 322
I. lacteus 383
P. carnosa 378
T. aurantiacus 303
T. reesei 347

Fig. 3-11. Alignment of the amino acid sequences of Xynl10B and the homologous
xylanases belonging to GH10.

*[. lacteus, Xynl0B; P. carnosa, Phanerochaete carnosa HHB-10118-sp xylanase; T.
aurantiacus, Thermoascus aurantiacus xylanase; T. reesei, Trichoderma reesei XynlIL
**Genbank accession numbers of each xylanase are P. carnosa, EKM58934; T. aurantiacus,
2BNJ _A;and T reesei, BAA89465.2.

Black and gray boxes indicate identical and similar amino acids to those of /pxXynl0B,
respectively. The underlined sequences of IpxXynlOB were determined by protein
sequencing. The boxed region indicates CBMI1. *, two deduced catalytic amino acids.
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XynlOA 1 MFKISESF. AVLLPLVSAQSQV/| [elo]ofeleTeWifeAigfeVHAS S ®VKSND Yp4S ofe— — — — — 55
XynlOB —MKYLHALV ATSVVFQVEAVAE GQCGGIGQTGETTC!SPF TVINSYpMYO®LPAGS 59
XynlOC 1 MF—LTESFAT ALLLPSVYAQSQV| [elo]efeleF eWieAigfeiVEIGS TMVAQNQOWp{SOJMLPSSS 59

Xynl0A 56 IP----GVSAAAPSSFRPADLTELSSAKWQTVATT LYTE:?‘:SEL DAAYTINILD 111
A .Q

[y

XynlOB 60 GSGTTSAPPTSTSTTPPPSGGSGSGGSGI#DAKFKAK] FigeT NREF] AQDSHV—- 117
Xynl0C 60 VPSSSSGSSSAPSSTSSSSGSQSTSTAEENTLATAKGNLY)YESIATUNPELEDTAYVI\ILS 119

Xynl0A 112 DNTMFEQIZANENR YN PAQNTFSEANQ I ANLIMTYGML LG CWY SRR 171
Xynl0B 118 TIANFEGLiMZENSIVIAUNNINT TFSLVAY‘QQ AR TLUHSRENY 177
Xynl0C 120 DVTTiFEQTigyGNAVauyXudPTOEle3SWTEA QIVNLET GOILIGENCIYIHNIREY 179

*
XynlOA 172 GGFTTAQIRYTT CGULVSRFINEQVYVYARNRYVINIHPI IJeUWIASD| T SF 231
XynlOB 178 IN-DKAT)HS TIIINIWWAGRYI{eK - - VR S|JJBAYVINIAT DGTa'SS SF 234
XynlOC 180 FJSGSFTADQINYST CGIYLVGHYI{eO - - IYS|J|R\YTINIHP) DGT|Reys] T TY 237

XynlOA 232 VOIRNLNARR O TR g8 933V 1 ES PGENASTAMO KSLKSANVPL LeSi:IFT 291
Xynl0OB 235 VNLEVFTTENALN)Y HILYINDYNLDSVN‘ LOGL KSTNSGQTLIpleTes LS 294
ArNISEN) 2D IeL

XynlOC 238 IQIELE E IR\ 4N TEYPGLVASTAMO STLKAASVPL) SiIF' T 297

*
XynlOA 292 EPSAS| LEQNMN/FTALGVINZ SEYFRPIRMTLP S TAAMLAQQK TRFYT
XynlOB 295 QiGGVQ —ALQLAESSGV— EVAITELD I gttty VNAAAN»
Xynl0C 298 NyPSTSELTSNMNFVALGVIAZ NSRRI TLPATPTSLAQQOKT|MT

TYISEEOMAGKGE 351
Auvr L\ypsle 342
SIYIALNeor\ SO 357

XynlOA 352 EG DWTIBKY] PRITFSGQGAL\CPWDONFQKKPAFDGIVAGFQS 398
XynlOB 343 ySI G PD| SNPLLFDI\NFQPKPAYTAVMQALS-—-—---- 383
Xynl0OC 358 YGIIDWT|YKY]| PEITFSGQGALILPWDENFVKKPAYDGIAIGFGN 404

Fig. 3-12. Alignment of the GH family 10 xylanases from 1. lacteus.
Three aromatic amino acids on a flat surface for adsorption to cellulose are shown by dots.
Two deduced catalytic amino acids are shown by asterisks.
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Fig. 3-13. SDS-PAGE of recombinant Xyn10B expressed by Aspergillus oryzae (A) and

Escherichia coli (B).

M, molecular weight markers; lane 1, culture supernatant of A. oryzae transformant with
pNAN-Xyn10B; lane 2, culture supernatant of 4. oryzae transformant with pNAN-8142; lane
3, culture supernatant of A. oryzae transformant with pNAN-TAASigXyn10B; lane 4, soluble
fraction after sonication of cells cultured with E. coli transformant with pETd-Xyn10B; lane
5, insoluble fraction; lane 6, whole cell lysate of cultured E. coli transformant with
pCold-Xyn10B; lane 7, soluble fraction after sonication of cells; lane 8, insoluble fraction
after sonication of cells. The arrow shows insoluble recombinant Xyn10B.
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Table 3-3. Summary of purification of Xyn10B from crude Driselase

Total Total Specific . .
.. : . .. 4 Purification  Recovery

Step activity protein activity

[x10° U] [x10°mg]  [U/mg] [fold] [%]
Crude Driselase 98.4 9.2 1.07 1.0 100
40% saturated
(NH4),SO4 39.6 2.3 1.72 1.6 41.8
precipitation
]ZEsAoE Sephadex 5 4 0.055 24.3 23 14.1

a: Birchwood xylan was used as a substrate.
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Fig. 3-14. Elution pattern of Driselase (after 40% ammonium sulfate fractionation) on
DEAE Sephadex A-50 column (A) and SDS-PAGE analysis of eluted fractions (B).

o, Absorbance (280 nm); e, enzymatic activity for birchwood xylan of each fraction with
200-fold dilution with 20 mM AAB (pHS5.0). Elution of the proteins was performed by 20
mM AAB (pH 5.0) and recovered in a test tube as each fraction (10 ml/tube). The arrow
shows Xyn10B in fraction 50.
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Fig. 3-15. Thin-layer chromatograph of time course pattern of hydrolysates from
birchwood xylan by Xyn10B.
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Fig. 3-16. Thin-layer chromatograph of hydrolysis pattern of xylooligosaccharides and
birchwood xylane by Xyn10B (A) and time course pattern of hydrolysis products from
xylopentaose by Xyn10B (B).
In (A), xylose, each xylooligosaccharide and birchwood xylan (BWX) were reacted with
XynlOB at 37°C for 24 hours, and then 60 pl of reaction mixtures were spotted. In (B),
xylopentaose was reacted with Xyn10B at 37°C for 24 hours, and the reaction mixtures were
sequentially sampled and 50 pl of reaction mixtures were spotted.
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Fig. 3-17. Hydrolysis behavior of Xyn10B (e) and 7rXYN III (©) on (A) birchwood xylan,
(B) oatspelt xylan, and (C) biomass (ionic liquid-pretreated erianthus).
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Chapter 4: Analysis of strong adsorption of CBM1 from Xynl0B on

cellulose

4. Introduction

In chapter 3, it was revealed that the 42 kDa protein showing high affinity to
microcrystalline cellulose (MC) was an endo-1,4-B-xylanase belonging to GH10. This protein
designated as Xynl0B is composed of 383 amino acid residues and constructed of two
domains, which are CBM1 (residues 21 to 55) and a catalytic domain (residues 87 to 383)
located at the N- and C-termini, respectively. This result supports the finding that Xyn10B
strongly adsorbs to cellulose. However, it is still unclear why Xyn10B is not desorbed from
cellulose once it has been adsorbed. From the sequence analysis of CBMI of Xynl0B
(CBMxyni0), it was found that CBMxynios has additional aromatic amino acid residues (Phe
42 and Tyr 52) in addition to the highly conserved three-aromatic-amino-acid motif among
CBMl1s (Table 4-1). In several studies, it has been reported that the binding ability of CBM1
to crystalline cellulose is affected by the type and configuration of aromatic acid residues.
Against this background, it seems to be important to examine the effects of Phe 42 and Tyr 52
on the adsorption to cellulose.

As described in this chapter, CBMxyniog and CBMgpegi, which is CBMI  of
endo-1,4-B-glucanase from Trametes hirsuta as a control, were expressed as fusion proteins
with GFP. In addition, two mutated CBMxynios fusion proteins of which Phe 42 and Tyr 52

were replaced by serine were constructed to elucidate strong adsorption of Xyn10B.

4.1. Materials and methods

4.1.1. Chemicals and strains
Microcrystalline cellulose (MC) (column chromatography grade, Merck, Germany) and

cotton (Hakujuji Co., Ltd., Japan) were used as substrates for cellulose-binding assays.
Escherichia coli DH5a purchased from Takara (Shiga, Japan) was used as the host strain for
plasmid extraction, grown at 37°C in LB medium containing 50 pg/mL ampicillin. Plasmid
pBluescript II SK(+) was used as the subcloning vector. E. coli Origami B strain (Novagen,
NJ) and plasmid pRSET/EmGFP (Invitrogen, Carlsbad, CA) were used for analysis of the
expression of CBM1 fused to green fluorescence protein (CBM-GFP).
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4.1.2. Analytical methods

SDS-PAGE was performed by the method of Laemmli using 12.5% gel [1]. After
electrophoresis, the gel was stained with 0.25% CBB-R250. As the molecular weight
standard, low range (BIO-RAD, USA) markers were used. Protein content was determined by
the method of Lowry [2] with BSA as a standard. The fluorescence intensity of CBM-GFPs
was measured using an FP-6200 spectrofluorometer (JASCO Japan).

4.1.3. Plasmid construction of CBM1 of Xyn10B and GFP fusion protein
The cDNA region corresponding to CBM1 of Xyn10B (CBMxynios) was amplified from

pBS-Xynl0B (described in chapter 4) by PCR reaction using PrimeSTAR HS DNA
polymerase (PCR conditions: 95°C for 5 min, followed by 30 cycles at 98°C for 10 s, 60°C
for 15 s, and 72°C for 30 s, followed by a final extension step at 72°C for 5 min) with the
sense primer (5’-AGGATCCGCTGTCGCTGAGTGG-3’, BamHLI site is underlined) and the
reverse primer (5’-GCCATGGAGCCAGAGCCGGCGG-3’, Ncol site is underlined). The
amplified CBMxyn108 fragment (138 bp) was bluntly ligated into the Smal site of pBluescript
IT SK(+). The resulting plasmid was then digested by BamHI and Ncol, and the CBMxyni08
fragment was inserted into the same sites of pRSET/EmGFP for fusion to GFP with a
histidine tag. The resulting plasmid (named pRSET-CBMxyn108-GFP) was used as an E. coli
expression vector. The fusion protein expression vector of the CBM1 derived from 7. hirsuta
endoglucanase 1 and GFP (pRSET-CBM 7zeGc1-GFP) was prepared as described by Nozaki et
al. [3] and in chapter 2.

4.1.4. CBM-GFP mutant construction
The expression vectors for CBM1 mutated fusion proteins (CBMrs2s-GFP and

CBMys25-GFP) were constructed according to the manual of the PrimeSTAR Mutagenesis

basal kit (Takara, Japan) using mutation primers
(5’-TCTCCCTCTGTCTGCACGGTTATCAAC-3’ and
5’-GCAGACAGAGGGAGAGTCACACGTGGT-3’ for CBMr42s-GFP;
5’-TACTACTCTCAGTGCTTGCCCGCCGGC-3’ and

5’-GCACTGAGAGTAGTAGCTGTTGATAAC-3’ for CBMys2s-GFP, serine mutation site
is underlined) and pRSET-CBMxyn108-GFP as a template (PCR conditions: 95°C for 5 min,
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followed by 30 cycles at 98°C for 10 s, 52°C for 15 s, and 72°C for 30 s, followed by a final
extension step at 72°C for 5 min).
The nucleotide sequences of the obtained plasmids were confirmed by sequencing and

then transformed into E. coli Origami B strain (Novagen, NJ) for expression.

4.1.5. Expression and purification of CBM-GFPs

E. coli Origami B strains were grown in 100 ml of LB medium containing 100 pg/mL
ampicillin with shaking at 180 rpm and 30°C, induced with 1 mM IPTG after 12 hours, and
then grown after an additional 24 hours. Cells were harvested by centrifugation and
suspended in 20 mM sodium phosphate buffer (pH 7.4) containing 0.5 M NaCl. Cells were
disrupted by ultrasonic treatment and each CBM-GFP was purified from supernatant using a
His-trap FF column (GE Healthcare, UK) according to the manual. Purified CBM-GFPs were
confirmed by SDS-PAGE as a single protein band.

4.1.6. Binding study of CBM-GFPs
The reaction mixture (1 mL) consisted of 0.02% MC and various amounts of protein in

10 mM SAB (pH 5.0). The reaction mixture was incubated at 4°C for 2 hours with rotation at
12 rpm. The amount of adsorbed protein was measured by determining the fluorescence
intensity (excitation/emission = 487/509 nm) in the supernatant of the reaction mixture.

Binding parameters were determined by fitting the data to the Langmuir equation.
[B]=Amax [F] Kad/(1+ Kaa [F])

In this equation, [B] and [F] are the concentrations of bound and free CBM-GFPs (mol per
gram of cellulose), respectively. Anax and K,q are the maximal concentration of bound protein
(umol/g of cellulose) and the association constant for the binding site (uM'l), respectively.
The Amax and K,q values in the equation can be calculated by single reciprocal plots ([B]/[F]
versus [F]) [4].

CBM-GFPs adsorbing to the MC were washed with 0.1 mL of deionized water two
times and subjected to SDS-PAGE after elution (described above).

4.1.7. Fluorescent images of cotton fiber with CBM-GFPs
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The CBM-GFP fusion protein (1 pM) was incubated with 1 mg of cotton in 10 mM SAB
(pH 5.0), in a total volume of 1 mL. After 2 hours at 4°C with rotation at 12 rpm, the cotton
was washed twice with 1 mL of the same buffer. Adsorbed CBM-GFP fusion protein was

observed using a fluorescence microscope, BX-51 (Olympus, Japan).

4.2 Results
4.2.1. Binding behavior of each CBM-GFP on cellulose

A construction map of pRSET-CBMxynio-GFP is shown in Fig. 4-1. Amplified
CBMxynios 1s shown in Fig. 4-2. To clarify the observed strong adsorption of Xynl0B on
crystalline cellulose, only the CBM1 region of Xynl0B was expressed as a fusion protein
with GFP (CBMxynios-GFP), as shown in Fig. 4-3 (A), and the adsorption behavior was
investigated. An additional fusion protein between GFP and CBM1 from 7#EG1 (designated
as CBMy;eg1-GFP) was also constructed to compare the adsorption ability on cellulose. The
adsorption behavior of CBMxynios-GFP was similar to that of Xynl10B, which had the same
CBM, showing apparently higher adsorption than CBMy;gG1-GFP. This result suggests that
the strong adsorption of Xyn10B arises from the CBMI, not from the catalytic domain (Fig.
4-3 (B))

Adsorption isotherms were also determined according to the one-site Langmuir model

(Fig. 4-4). The Amax and K,q values of each CBM-GFP fusion protein are shown in Table 4-2.
The Amax (7.8 pmol/g) and Kuq (2.0 L/pmol) values of CBMxynio-GFP were about 2-fold
higher than those of CBMp1-GFP (3.4 pumol/g and 1.2 L/umol, respectively), even though
the two proteins had the same binding motif (W-YY). The isotherms of CBMz;561-GFP were
almost the same as those reported in the CBM1s from 7. reesei Cel7A and Cel5A [5]. To
investigate the role of the additional Phe 42 and Tyr 52 residues, mutant proteins,
CBMg4s-GFP  and CBMys;s-GFP, were constructed. The adsorption isotherms of
CBMys,s-GFP decreased significantly when compared with the native protein, and were very
similar to those observed for CBMy;561-GFP. On the other hand, the adsorption isotherm of
CBME425-GFP was not changed from that of native CBMxyn108-GFP. From these results, it is
suggested that the aromatic residue Tyr 52 plays an important role in defining the binding
affinity. Thus, CBMxyn108 contains a unique motif (W-YYY) that facilitates strong cellulose

adsorption.
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4.2.2. Microscopic images of the adsorption of CBM-GFPs on cotton

CBM-GFPs adsorbed on cotton were observed under a fluorescence microscope and the
distribution of the fusion proteins was also observed (Fig. 4-5). GFP (A, B) without a CBM
was not adsorbed onto the cotton, resulting in the observation of no fluorescence on cellulose.
CBMye61-GFP (E, F) and the mutant protein, CBMys>s-GFP (G, H), showed uniform
adsorption on cotton surfaces. On the other hand, the fluorescence of CBMxyn108-GFP (C, D)
was detected as a spot on the cotton due to bunched adsorption. This set of observations
suggests that the adsorption behaviors of the native and mutant CBMs are completely
different from each other. This may be due to the high binding capacity, Amax, on cellulose.
The aggregation of CBMxyn108-GFP was observed in solution also in the absence of cellulose,
and could be enhanced by increasing the protein and salt concentrations (Fig. 4-6). On the
other hand, CBMys;s-GFP did not show signs of aggregation in solution under similar

conditions.

4.3. Discussion
On the basis of the results from the draft genome sequencing, all of the GH family 10

xylanases (Xynl0A, Xynl0B, and Xynl0C) from /. lacteus NK-1 have a CBMI at their
N-terminal region. Given the difference among these CBMs, two aromatic residues, Phe 42
and Tyr 52, which are replaced with a serine in Xynl10B, could have some influence on the
structure of CBM1 (Table 3-1). As shown in Table 4-1, three contiguous aromatic residues in
the CBM1 region are not found in other origins. Consequently, we mutated Tyr 52 to another
amino acid. To investigate the role of Tyr 52 in cellulose binding, a mutant protein,
CBMysys-GFP, was constructed. The adsorption isotherms of CBMys;s-GFP decreased
significantly when compared with those of the native protein (Fig. 4-4), with values that
closely matched the values of CBMpyrG1-GFP (Table 4-2).

The adsorption ability of the CBMxyniog-GFP on cellulose was found to be 2-fold
greater than that of CBM;,561-GFP, which is used as a general CBM1 (Table 4-2). Compared
with other CBMs from several microorganisms and the mutant proteins, the CBMxyn105-GFP
showed high adsorption capacity on cellulose. Although the mutant protein CBMr425-GFP
showed similar adsorption parameter values to the native CBMxyn108-GFP, CBMys25-GFP
showed almost the same adsorption capacity as the other proteins presented in Table 4-2.

From the CAZy database ((http:/www.cazy.org/), we found many W-YYY motif

73



CBMl1s in hemicellulolytic enzymes, such as xylanase and mannanase (19/55) (Table 4-3).
On the other hand, only 2 W-YYY motif CBMI1s were found in CBH I-type cellulases,
despite most types of CBH I containing at least one CBMI1. As the W-YYY motif CBM1s
have strong ability to adsorb on cellulose, these properties can be suitable for hemicellulases
such as xylanase and mannanase because of the location of hemicellulose, which is a
neighbor to cellulose [6-8]. On the other hand, CBH I can actively degrade crystalline
cellulose with processive attack, so movement on the surface of cellulose is required. The
property for weak adsorption on cellulose should be suitable for this type of mode of action.
It was reported that the progress of processive cellulase and reducing sugar production from
filter paper was reduced by the addition of CBM1 [9]. Actually, CBMxynioB 1s not a suitable
CBM1 for CBH I-type cellulase. We constructed a chimera CBH 1 of 7. reesei (CBMI of
CBH I replaced by CBMxyn108) expression system in 4. oryzae. This chimera CBH I showed
strong adsorption to cellulose, but cellulose degradation activities were significantly
decreased compared with those of native CBH I, despite soluble substrate degradation
activity being almost unchanged (data not shown). This finding coincides with our hypothesis
presented above.

The adsorption behavior of the unique CBM presented above was observed under a
fluorescence microscope. The CBMxyn108-GFP could adsorb on cotton in an aggregated form,
and be visualized as green fluorescence spots. The aggregates of the CBMxyn108-GFP were
found under high salt concentration conditions, even in the absence of cellulose (data not
shown). In addition, CBMxyn10-GFP showed no specific adsorption to insoluble xylan, but
showed stronger adsorption to regenerated amorphous cellulose than CBMzG-GFP (data
not shown). This property is likely to be closely related to the hydrophobicity of the CBM.

We undertook homology modeling of the CBMxyniop using Swiss Model
(http://swissmodel.expasy.org/) and Pymol (http://www.pymol.org/) with the CBMI1 of T.
reesei CBH 1 (PDB ID is ICBH) as a template (Fig. 4-7). As a result, despite Tyr 52 having

an important role in the strong adsorption of CBMxyn108, it Was suggested that the aromatic
side chain of additional Tyr 52 is not located on the flat surface for cellulose binding. The
CBMxyn108-GFP was aggregated in the absence of cellulose (Fig. 4-6), which we expected to
be one reason for the strong adsorption of CBMxynios. The additional tyrosine Tyr 52 plays an
important role not only in the adsorption process but also in the aggregation of
CBMxyn108-GFP molecules. One possibility that cannot be ruled out is that Tyr 52 is not

involved directly in hydrophobic interaction with the cellulose surface, but is responsible for
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the formation of CBM1 aggregates. It is noteworthy that CBMxyn10s-GFP shows remarkable
aggregation and still maintains the binding ability. Markus et al. reported that double CBM1,
which was made by fusing the N-terminal CBM1 of 7. reesei CBHII to the C-terminal CBM1
of CBHI, showed remarkably high affinity for cellulose because of the double-binding model
[10]. Although there might be various reasons why Xyn10B has strong adsorption ability on
cellulose, it is suggested that the aggregation of CBMxynio domains can form a multiple
binding face; this seemed to be one of the possibilities explaining the strong adsorption.

The reason for the strong cellulose adsorption of the CBM1 of Xyn10B remains unclear
and needs to be resolved. To elucidate the precise structure of the CBM1 of Xynl10B, X-ray
crystallography is needed; however, no one has succeeded in obtaining the suitable crystal of
the CBM1 domain for X-ray diffraction.

In conclusion, Xyn10B showed strong adsorption ability on crystalline cellulose with a
novel W-YYY CBMI1 motif. Interestingly, the CBM1 of Xyn10B has an additional aromatic
amino acid, Tyr 52, which can participate in cellulose binding. However, the role of Tyr 52 of
the CBMxyniop domain in binding to cellulose is unclear. Furthermore, the reason why
hemicellulases such as xylanases and mannanases have strong adsorption abilities remains to
be resolved. The strong cellulose adsorption properties of the CBM1 of xylanase from /.

lacteus may provide new insights into biomass degradation by fungi.
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Table 4-1. Alignment of the amino acid sequences of the general CBM1s from several
sources

Organism “ Enzyme ” CBMI1 sequence ©
I lacteus Xynl0B  VAEWGQCGGIGFTGSTTCDSPEVCTVINSYY[YJOCL
T. hirsuta EG1 —AVWGQCGGIGEFSGDTTCTA-STCVKVNDYYSQCQ
T. reesei CBH 1 —-—HYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL
T. reesei EGI1 —-—HWGQOCGGIGYSGCKTCTSGTTCQYSNDYYSQCL
P. chrysosporium XYNA -PVWGQCGGIGWTGPTTCTAGNVCQEYSAYYSQCTI
P. chrysosporium XYNB -ALYGQCGGQGWTGPTCCSSGT-CKFSNNWYSQCL

a: I lacteus, Irpex lacteus; T. hirsuta, Trametes hirsuta; T. reesei, Trichoderma reesei; P.
chrysosporium, Phanerochaete chrysosporium.

b: Genbank accession numbers of each enzyme are: Xynl0OB, AB933639; Ex-I,
BAA76364; EGl, BADO1163.1; CBH I, CAH10320; EG I, AAA34212; XYNA,
AAG44992; and XYNB, AAG44995.

c: Gray boxes indicate identified amino acid residues. Three aromatic residues located on

the flat surface of CBM1 are shown in bold. Phe 42 and Tyr 52 of Xyn10B CBMI are

shown in boxes.
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Table 4-2. Adsorption parameters of the wild-type and mutated CBMls to
microcrystalline cellulose and other CBM adsorption parameters from several sources

Amax Kad
. CBM

CBMs Organism family (umol/g)  (umol) Ref.
CBMxyn10s-GFP 1. lacteus 1 7.8 2.0 This study
CBMp425-GFP L lacteus 1 7.9 1.8 This study
CBMys,5-GFP 1 lacteus 1 4.4 1.5 This study
CBM7y,rG1-GFP T. hirsuta 1 34 1.2 This StIldy
CBH I’ T. reesei 1 1.4 3.3 11
CBH I1° T. reesei 1 0.73 1.2 11
EGII” T. reesei 1 3.2 9.0 12
CipA C. thermocellum 3 0.6 0.7 13
Xylanase A P. fluorescens 10 2.7 6.7 13

“ C. thermocellum, Clostridium thermocellum; P. fluorescens, Pseudomonas fluorescens.
’ CBMs fused with catalytic domain.
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Table 4-3. Distribution of CBM1s that have the W-YYY motif in GH family enzymes
and other proteins related to cellulose degradation found in the CAZy database
(http://www.cazy.org/)

a . Number of
Enzyme GH family W-YYY motif CBMI genes”

cellulases

endoglucanase 5,7,45 9

CBH 1 7 2

CBH 11 6 3
hemicellulases

xylanase 10 12

mannanase 5,26 7

xyloglucanase 74 4

Related enzymes

CDH - 5
esterase - 2
others - 11

Total 55

“ CDH, cellobiose dehydrogenase; CBH, cellobiohydrolase

b Genbank accession numbers of each enzyme are: endoglucanase: BAB62317, BAD67544,
CAP99211, AFV30215, CCA67360, AEO67421, CCA40496, CAY71902, AFG25592;
xylanase: BAN09067, AEN99941, CAC18990, ADX07328, CCT68268, CCT67762,
AAT84257, AAA65588, BAA19220, AE060457, CCA71122, AEO67457; mannase:
AFP95336, ABG79370, AEO67907, AGH62580, ADN93457, AAA34208, CCA73405;
CDH, CCD47495, EAA27355, BAD95668, ADT70777, ADT70778; xyloglucanase:
CAP66717, AE064184, AAP57752, ABH71452; CBH 11, BAH59082, CCA68892,
AAT64008; esterase: CCD56636, AEO68387; CBH I, CAD79778, AEO67172; others:
BAI83433, CCA74446, EAUB6087, CCA37660, CAY68599, CCA73931, CCA73934,
AFJ54163, BAB62318, CAK46515, BAE55582.
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Table 4-4. Alignment of the amino acid sequences of the W-YYY motif CBM1s of

glycoside hydrolase family 10 xylanases from the CAZy database
(http://www.cazy.org/)
A .
Organism ceession CBMI sequences *
number

. ' WGOCGGIGWNGATT--CVSPYTCQQOVNPYY[Y[OCL
Acremonzu@ cellulolyticus BAN09067 WGOCGGIGWTGPTO--CESPWICOKLNDWYOCL
Chrysosporium lucknowense ~ AEN99941 =R - B o1
Coniothyrium minitans CAC18990 Q lQ
Fusarium fujikuroi CCT68268  YYOCGGKNYKGPTE--CEKPFKCVEHNEYY[FJOCV
Fusarium fujikuroi CCT67762 ~ WGQCGGNGWTGPTT--COSGLTCOKINDWY[YJOCV
Fusarium graminearum AAT84257  WGQCGGTGWSGSTT--CQSGLKCEKINDFY[Y|OCT
Fusarium oxysporum AAA65588 WGQCGGNGWTGATT--CASGLKCEK INDWY]Y]oCV
Humicola grisea BAA19220  WGQCGGIGWNGPTK--CQSPWTCTRLNDWY[EJoCL
Moyceliophthora thermophila AEO60457 WGQCGGIGWTGPTQ——CESPWTCQKLNDQCL
Piriformospora indica CCAT71122 WQQCGGITYSGPSHPHCVDGATICOEWNPYYFOCT
Thielavia terrestris AEO67457

WGQCGGIGWTGATQ——CQSPYTCQKLNDQCL

“ Gray boxes indicate identified amino acid residues. Three aromatic residues located on the flat
surface of the CBMI1 are shown in bold. Additional aromatic amino acids that participate to

strengthen the adsorption are shown in boxes.
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Fig. 4-1. Construction map of pBS-CBMxyn1o8 and pRSET-CBMxyn108-GFP. CBMxyn108

gene was amplified from pBS-Xyn10B by PCR.
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ATGAAGTATC TTGCTGCTCT CGTCGCCCTC GCCACCAGCG TCGTATTCCA AGIGGAACCT GTCGCTGAGT GGGq@CAATG

pxyn3CBM1-F
5'-CCAAGGATCCGCTGTCGCTGAGTGGGGA-3"'
(28mer)

90 100 110 120 130 140 150 160

EGGTGGTATT GGCTTCACTG GCTCTACCAC GTGTGACTCT CCCTTTGTCT GCACGGTTAT CAACAGCTAC TACTATCAGE_
170 180 190 200 210 220 230 240

GCTTQ;CCGC CGGCTCTGGC TCTGGTACCA CTTCTGCTCC TCCGACCTCC ACGTCCACGA CTCCTCCTCC ATCTGGCGGA

pxyn3CBM1-R
5'-GTGGCCATGGAGCCAGAGCCGGCGGGC-3"

(27mer)
250 260 270 280 290 300 310 320
(B) M CBMxynios
(bp) :
200
100 -

Fig. 4-2. Amplification of CBMxyn108 gene.

(A) Amplified region of CBMxynios gene. (B) Agarose gel electrophoresis of PCR fragment
of CBMxyni0s gene amplification. M, 100 bp DNA ladder; CBMxyni08, PCR product of
CBMxynios gene amplification. The arrow shows the amplified CBMxyn10 gene.
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Fig. 4-3. SDS-PAGE analysis of 50 pmol purified CBM1-GFP fusion proteins (A) and

their adsorption to microcrystalline cellulose (B).
M, molecular weight markers; Lane 1: GFP, Lane 2: CBMyypgi-GFP, Lane 3:
CBMxynios-GFP. The acrylamide concentration of the gel was 12.5%.
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Fig. 4-4. Adsorption isotherms of the wild-type and mutated CBM1-GFPs to

microcrystalline cellulose.
o, CBMXynlOB'GFP; A, CBMThEGl-GFP; u, CBMF423-GFP; O, CBMy523-GFP
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Fig. 4-5. Bright field (left) and fluorescent detection (right) image of each CBM-GFP
adsorbed on cotton.

(A, B) GFP Without CBMl, (C, D) CBMXyn]OB-GFP, (E, F) CBMThEGl-GFP, (G, H)
CBMys5,5-GFP
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Fig. 4-6. Fluorescent detection image of (A) CBMxy,108-GFP (aggregated) and (B)
CBMys,s-GFP (non-aggregated) in the absence of cellulose.
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Fig. 4-7. Homology modeling of the CBM1 of Xyn10B (A) and THEG1 (B).
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Chapter 5: General conclusions

Carbohydrate-binding module (CBM) has been recognized as a protein unit having
carbohydrate-binding activity. Several CBM1s with different amino acid sequences and
different functions have been reported [1]. Genetic information revealed that at least 12
cellulolytic and hemicellulolytic enzymes from /. lacteus have CBM1s with different amino
acid sequences. The role in biomass degradation has been thought to differ among these
enzymes. Analysis of the adsorption behaviors of CBM1s from various types of enzyme has
been carried out in this study.

The adsorption behavior of CBMI1 of endo-glucanase from 7. hirsuta has been
analyzed under different conditions, as shown in Chapter 2. The adsorption of CBMp561-Grp
and ThEGI could be controlled by regulating the concentration of sodium acetate buffer and
temperature. However, this system cannot be applied for CBH-type cellulases, which have a
tunnel-like structure in the active site, because their binding on cellulose is stronger than the
endo-type one. The adsorption/desorption regulation of CBM1 can be easily utilized for
enzyme recycling processes in bioethanol production. These results and the finding of
adsorption/desorption behavior of CBMI1 were applied to fractionation of proteins in
Driselase from 1. lacteus.

The cellulose-binding proteins in Driselase from 1. lacteus have also been discussed in
Chapter 3. At least 12 enzymes containing CBM1 were found from /. lacteus draft genome
sequences (Table 3-1). Although both Xyn10B and 7#XYN III belong to the GH family 10
xylanases, the specific activity of Xyn10B on soluble xylan was shown to be lower than that
of 7rXYN IIL In the case of endo-type cellulases, it was reported that the presence of CBM1
in enzymes decreases the hydrolysis activity for soluble substrates [2-3]. As Xynl10B from 1.
lacteus contains CBM1 in the N-terminus, it seems that the hydrolysis activity of Xyn10B on
soluble xylan decreases. On the other hand, Xynl0B shows approximately 3-fold higher
activity on insoluble substrates such as pretreated biomass than 77XYN III, which does not
contain CBM1. It was reported that the presence of CBM1 in hemicellulases could promote
the hydrolysis activity on biomass degradation because CBM can accelerate susceptibility to
biomass [4-5]. In addition, it was also reported that biomass degradation activity by xylanase
from Pseudomonas fluorescens (XYLA, contains CBM2 and CBM10) promoted the increase

in the levels of cellulose adsorption parameters because of CBM. It is suggested that strong
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adsorption of CBMxyni0s 0on cellulose helps the effective biomass degradation of Xyn10B.

As described in chapter 4, as a difference in the amino acid sequence of CBMI of
Xynl0B to those of other CBM1s, an expression system of fused protein of CBMxyni0s and
GFP protein (CBMxyn108-GFP) was constructed in E. coli in order to determine the adsorption
behavior. CBMyzeGi-GFP (adsorption and desorption behavior is described in chapter 2) was
also produced for use as a general control of CBM1. It is noteworthy that CBMxyn108 has an
additional aromatic amino acid, Tyr 52, involved in strong adsorption as a W-YYY motif. In
the case of CBMI1 of CBH I from T. reesei, it was reported that the mutation of amino acids
located on the molecular surface significantly affected cellulose binding [6]. Although the
role of Y52 of CBMxynios 1s still unclear and the structure of CBMxynion 1s also not well
understood, another hydrophobic face produced by an aromatic residue in CBM1 may induce
the interaction of CBM1 by itself and/or interaction between CBM1 and cellulose. In fact, the
CBMxynio8-GFP could adsorb on cotton in an aggregated form, and be visualized as green
fluorescence spots, as shown in this study. It was also reported that cellulose-binding
domain enhanced the degradation of hemicellulose in plant biomass by xylanase and
mannanase. In plant biomass, those CBM1s have difficulty binding on cellulose because the
cellulose surface is poorly exposed. The aggregation of CBMxyni08 may have a role in
concentrating enzymes on the poorly exposed cellulose. In fact, Xynl0 B showed high
hydrolysis activity on pretreated biomass rather than 7/XYN III from 7. reesei (Fig. 3-14).

Many families of CBM have been found in bacteria; for example, CBM2 (type A),
CBM27 (type B), and CBM36 (type C) have been reported as bacterial CBMs. On the other
hand, only CBM1 has been reported as a fungal CBM that can bind to only cellulose (or
chitin). Bacteria use CBMs belonging to several families, which can bind to corresponding
substrates of each catalytic domain. On the other hand, fungi may use several types of CBM1
that have different structures and functions suitable for corresponding substrates. CBM2b of
Cellulomonas fimi Xylanasel1A belongs to the CBM2 sub-family and it can adsorb on xylan
rather than cellulose, which is different from general CBM2 [7-8]. It is possible that CBM 1
can be classified into several types, which belong to sub-families.

Distribution of CBM1 motifs from several enzymes, which may relate to cellulose
binding are shown in Fig. 5-1. 81 CBMs from CAZy database (http://www.cazy.org) are
classified by amino acid sequence which related to adsorption ability to cellulose. W-YY and

W-WY motif CBM1s are evenly found from various types of enzymes. Y-YY and Y-FY motif
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CBM1s were mainly found from CBH I type cellulases. On the other hand, CBM1s which
contains additional S-S bond are mainly found from CBH II type cellulases and swollenin. In
addition, CBM1s which contains additional aromatic amino acid (such as CBMxyn108) are
found from GH family 5 endoglucanases and hemicellulases, especially xylanases. The
function of CBM1 for processive enzymes is not the same as that for non-processive enzymes,
as the adsorption/desorption behaviors of these types of enzyme are completely different.
Processive enzyme, CBH I from 7. reesei, contains Y-YY motif CBMI1, the adsorption
ability of which is lower than that of W-YY motif CBM1. This may favor the short-term
adsorption required to move smoothly along the cellulose chain. On the other hand, CBH II
from 7. reesei contains an additional S-S bond in CBMI, which is associated with
irreversible adsorption upon a change of salt concentration but desorption upon a temperature
change. It may also be beneficial for limiting the processive action of CBH II. The third type
of CBM1, which shows strong adsorption on cellulose, has been found in this study, and is
mainly distributed to hemicellulases such as xylanases, mannanases, and acetylxylan
esterases. Interestingly, Sugimoto reported that CBM1 of GH family 18 chitinase has a
unique W-WW-SS motif [9]. This motif of CBMI1 has the potential to cause high chitin
adsorption compared with other CBM1s. From the above discussion, the author suggests that
CBMI should be classified into at least three types, although there are not major differences
between them in terms of the amino acid sequences. The relations between mode of action of
enzymes and adsorption ability of CBMIs are graphically represented in Fig. 5-2 as
considered from variety of CBMIls sequences from fungi. Conceivably, lower adsorption
ability of Y-YY and Y-FY motif CBMI1s are adapted for CBH I type cellulase (processive
enzymes), On the other hands, CBM1s which contains an additional S-S bond are used for
CBH II type cellulases (endoprocessive enzymes) and swollenin as limited and irreversible
adsorption on cellulose is suitable for these proteins. Furthermore CBMIl1s which have
W-YYY motif are found from hemicellulases and endoglucanases (nonprocessive enzymes)
as they need to stay on the surface of cellulosic biomass.

In conclusion, the author has found unique fungal CBMxyn108 from 1. lacteus and also
found that an extra tyrosine (Tyr 52) can enhance the binding ability of CBMxynios On
cellulose. Compared with typical CBM1 from T reesei, CBMxynios showed strong adsorption
on cellulose with aggregation. From the comparison of structure and function relations of

CBMls, it is proposed that enzyme can adopt the suitable CBM1 among the several types of
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CBM1s. Finally, it is anticipated that the strong cellulose binding ability of CBMxyn10 can be
applied to a unique strategy of a biomass degradation system by fungi and also for protein
immobilization [8] [10]. However, to achieve these applications, the relationship between the
precise structure of CBMxynios and the mechanism of adsorption on cellulose and other

substrates should be resolved.
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