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1. Introduction



1.1 Cellulose

1.1.1 Definition of cellulose

Cellulose is the main component of plant cell walls and the most abundant biological
resource on Earth. Cellulose fibril structure is constructed from cellulose molecule chains.
Single cellulose chain is constructed by D-glucopyranose residues which are linked by
B-1,4 glycosidic bonds without any branches (Fig. 1-1). Neighboring glucose units are 180°
inverted with respect to each other and therefore cellobiose (4-O-(8-D-glucopyranosyl)- -
D-glucopyranose) is the repeating units. The chain has a reducing end with free C-1
hydroxyl and a non-reducing end, in which the C-1 hydroxyl is linked to the C-4 of the next

glucose residue.

non-reducing end _ _reducing end
HO, 'on HO HO OH |HO
(S)—(R) (R)— 0 (R)=(R) (R~ 0
/ \ / \ / \ / \
HO m=(5) ()= 11011+ (S) (5) = O m=(S) (S) + (1101 (S) OH
\ / \ / \ / \
(R)— O (R)—(R) (R)— 0 (R)—(R)
S 4 2 5 4 2
HO ===~ HO OH HO ===~ HO OH
i - Ih
Cellobiose

Fig. 1-1 structure of cellulose chain

Cellulose has two different high-order structures, amorphous and crystal. Crystalline
cellulose is a highly ordered structure of cellulose molecule chains, which is stabilized by
inter-chain and intra-chain hydrogen bonds and hydrophobic interactions. Cellulose
microfibrils can be assembled in some different crystal forms. On the other hand,
amorphous cellulose is a non-ordered structure and that is considered as an aggregation
of cellulose chains. Because of the randomness of the structure, the exact structure of

amorphous cellulose have not been determined. The clear discrimination is not crystal.
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1.1.2 Crystal polymorphs of cellulose
Crystal polymorphs of cellulose and the relationships between each form are shown in Fig.
1-2. Native cellulose is a mixture of cellulose I and lg (1). The cellulose from bacteria or

alga are basically lq-rich (2,3) and that from plant or tunicates are Ig-rich (4,5). Cellulose

la irreversibly transforms to cellulose lg at 260°C in 0.1 M NaOH (6). Crystal sizes and
shapes are also different depending on the origin. Cellulose microfibrils from the alga
Valonia macrophysa has been shown to be constructed of about 1200 cellulose chains (7)
and plant cellulose microfibrils contain about 24 chains (8). These differences are thought
to be related to the arrangement of complexes of cellulose synthase enzymes (8-11).
Cellulose Il was irreversibly prepared from cellulose | by regeneration or mercerization.
Regeneration means a re-crystallization of cellulose in a poor solvent after a dissolution in
the appropriate solvent, like a mixture solution of copper and ethylene diamine.
Mercerization is a swelling and re-arrangement of chains in the crystal in a high
concentration of sodium hydroxide solution (12,13). Cellulose Ill; and Ill; are made from

cellulose | and Cellulose Il respectively. The complex of cellulose and ammonia is formed

/ IB \
s
Parallel

a

Irreversible change
1
I

Fig. 1-2 Inter-conversion scheme among polymorphous of cellulose
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by the treatment of liquid ammonia or supercritical ammonia, and then cellulose Il is
prepared by removal of ammonia molecules from the complex (14,15). Ethylenediamine
also has been shown to make a complex with cellulose and transform crystal to cellulose
[ll (16). Cellulose Il and llly can be transformed back to cellulose crystal | and Il by
hydrothermal treatment (17). Cellulose 1V was prepared at 150°C by de-acetylation of
cellulose triacetate in a mixture of methylamine, dimethyl sulfoxide, and water (18). In
contrast, Cellulose IV has not been obtained from cellulose | (19).

Crystal structures of cellulose have been studied by X-ray and neutron diffraction
analysis to determine the structure of main chains and hydrogen bond network among the
chains (Fig. 1-3 and 1-4). Cellulose |4 is formed by only one conformation of parallel
cellulose chains, and stabilized by two strong hydrogen bonds (O3-H to O5 and O2-H to
06) in cellulose chain and one hydrogen bond (O6-H to O3) between neighboring chains
(20). Molecular sheets slide directionally each other per a quarter of ¢ axis length (about
half of glucose length). Crystal structure of cellulose Ig is similar to ls, but Ig is formed by
two different conformations of parallel cellulose chains (21). The two conformations of
chains are named as ‘Origin’ and ‘Center’ due to the position at the unit cell. Cellulose Ig
has also two intra-chain hydrogen bonds and one hydrogen bond between chains.
Molecular sheets are positioned zig-zag each other per a quarter of ¢ axis length. In the |q
and lg, there is a multi possibility of hydrogen bonds because the position of O6 proton has
multiplicity. Molecular Sheets of them are packed by only hydrophobic interaction.
Cellulose Il is formed by two conformations of anti-parallel chains (origin and center), and
stabilized by a hydrogen bond (O3-H to O5 or O3-H to O6) in chain and two hydrogen
bonds (0O6-H to O2 and O2-H to O6) between chains (22,23). The sheets are zig-zag
forms, and two hydrogen bonds (O6-H to O6 and O2-H to O2) connect the sheets. The
sheets slide also zig-zag each other per a quarter of ¢ axis length. Cellulose Il was

formed by single conformation of parallel cellulose chains, and stabilized by a hydrogen
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bond (O3-H to O5 or O3-H to O6) in chain and two hydrogen bonds (0O2-H to O6 and O6-H

to O2) between neighboring chains or zig-zag sheets (24).

I i,

Fig. 1-3 Comparison of chain packing and hydrogen bonds among

the cellulose polymorphs (from ref (25)).

I, I, origin I, center 1l origin

Il center i,

Fig. 1-4 Hydrogen bonds between the neighboring chain (from ref (25)).
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1.2 Cellulases

1.2.1 Research history of cellulases and cellulose degradation model of fungi

The history of cellulase researches is summarized in Fig. 1-5. First cellulose degradation
by microorganisms was observed in 1850, the word ‘cellulase’ was used in 1912, and the
presence of cellulase was experimentally suggested in 1927 (26,27). The first model of
enzymatic cellulose degradation is the C1-Cx theory, which has been suggested in 1950
(28). In this theory, native cellulose is degraded with two systems; C1 degrades cellulose to
a more easily digestible form and Cx hydrolyzes that to soluble short saccharides. The
difference between cellulolytic organisms and noncellulolytic organisms was defined by
with or without C1 system. In 1954, cellulases produced by microorganisms were shown as
multiple components, and their synergistic effect was reported (29). During 1960s and
early half of 1970s, many studies about purifications of cellulase components have been
reported to determine the enzymes act as C1 or Cx (30). Because Cx system was detected
to act on carboxy-methyl cellulose (CMC), the enzyme was called CM-cellulase. In 1965,
Cx components were separated to endo-glucanase (EG) and ‘exo-glucanase’ (means 3-
glucosidase in this paper) (31). Additionally, in 1972 and 1973, Cs component was
determined as cellobiohydrolase (CBH), which produces cellobiose from cotton cellulose
(32,33). In 1965, the base of next model; endo-exo theory was also suggested (31). The
theory mentioned that endo-glucanases cut the molecular chain of cellulose randomly and
increase the chain ends for exo-glucanases, but did not fully explain. The revised theory of
endo-exo synergy degradation of cellulose was suggested by K. E. Eriksson around 1970
(34,35) and experimentally supported in 1975 (36). After the suggestion of this theory,
many endo-glucanases and exo-glucanases were purified and characterized (37-39). In
1980, two cellobiohydrolases (CBH | and II) were purified from crude enzyme of
Trichoderma reesei, and exo-exo synergy was suggested (40). In this paper, the two CBHs

were first identified by the N-terminal animo acid sequence. The gene of CBH | was first
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cloned from T. reesei in 1983 (41). Additionally, from T. reesei, the gene of EG | was
cloned in 1986, and the gene of CBH Il was cloned in 1987 (42,43). After the cloning of
cellulases, each enzymes have been distinguished by the gene of the enzymes and
expected sequence of amino acids. Moreover, heterologous expression and
characterization of fungal cellulases have been started (44). About the activity of cellulase,
the difference of specificity to chain ends between CBH | and CBH Il was found in 1989 via
cello-oligosaccharides labeled with 4-methylumbelliferyl and reduced alkali-swollen
cellulose (45,46). The reaction point of CBH | was also tested in 1992 with cello-
oligosaccharides labeled with tritium (47). By the development of X-ray crystallography, X-
ray structure of catalytic core of CBH Il was solved in 1990, and that of CBH | was solved
in 1994 (48,49). Furthermore, from Thermomonospora fusca, the X-ray structure of the
endo-glucanase, which has similarity with CBH Il has been solved in 1993 (50). By this
result, the structural difference between cellobiohydrolase and endo-glucanase was
clarified. The relationship between structure and enzyme mechanism of cellulases was
discussed in 1995 (51). In this paper, the processivity of cellobiohydrolase was suggested
due to the tunnel like structure of them. After these discoveries, the model of cellulose
degradation was further revised in 1997; CBH | and CBH Il were suggested to degrade
cellulose from reducing-end and non-reducing end respectively, and endo-glucanases
were suggested to cut the amorphous region to make the chain end for CBH reaction (52).
During 1990 to 2000, the names of enzymes were changed systematically based on the
family clustering. The fundamental method of family clustering was reported in 1989, and
classification into families was suggested in 1991, but the family classification was widely
accepted only after the online database was opened in 1998 (53,54). Recently, one of the
family of endoglucanase was deleted. Previously glycoside hydrolase family 61 (GH61)
enzymes were thought to be endo-glucanases, but the redox activity of them was

suggested in 2010 due to their structural similarity to the CBP21s (chitin binding proteins),
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1850 —— Cellulose degradation was observed (described in ref. 27)
1912 —— The word ‘Cellulase’ was used (ref. 26)

1927 —— Presence of cellulase was suggested (ref. 27)

1950 —— C,-C, theory was proposed

c shorter linear c soluble, small molecules,
Native cellulose —2— polyanhydro- —=— capable of diffusion into

glucose chains the cell )
R Noncelluloly‘t'ic organisms )
Cellulolyti‘cr organisms (from ref.28)
1954 —— Multiplicity and synergy of cellulase was suggested (ref. 29)
1965 —— C,_ = endo-glucanase and 3-glucosidase (ref. 31)

1969 —— Endo-exo theory was proposed

B-glucosidase

exo-glucanase Q o)

endo-glucanase O exo-glucanase A O
/ O oo

(Depend on the discription of ref.34)

1972 —— C, = cellobiohydrolase (ref. 35)

1975 Endo - exo synegy was demonstrated (ref. 36)
1980 —— Two cellobiohydrolase were identified and exo - exo synegy was demonstrated (ref. 40)
1983 —— CBH | was cloned from Trichoderma reesei (ref. 41)
1986 —— EG | was cloned from Trichoderma reesei (ref. 42)
and two domains structure of CBH | was shown by small angle X-ray scattering (ref. 89)
1987 —— CBH Il was cloned from Trichoderma reesei (ref. 43)
and heterologous expression of fungal endo-glucanase was reported (ref. 44)
1989 —— Difference of chain end specificity between CBH | and CBH |l was demonstrated (ref. 45)
1990 —— X-ray structure of catalytic core of CBH Il was solved (ref. 48)
1991 —— Family classification was suggested (ref. 54)
1993 —— X-ray structure of the endo-glucanase, which has similarity with CBH Il was solved (ref. 50)
The structural difference between cellobiohydrolase and endo-glucanase was clarified
1994 —— X-ray structure of catalytic core of CBH | was solved (ref. 49)
1995 —— Processivity of cellobiohydrolase was suggested, due to the tunnel like structure (ref. 51)
1997 —— Endo-exo theory was renewed

C: crystalline region
R: reducing end
NR: non reducing end

il
|

(from ref.52)

2010 —— Redox activity of GH61 was suggested (ref. 55)
2011 —— Redox activity of GH61 was demonstrated (ref. 56)
2013 —— GH61 was changed to lytic polysaccharide monooxygenases (LMPO) from endo-glucanase,

and re-classified into AA9 (ref. 59)

Fig. 1-5 Chronology of cellulase research



which have oxidative activity for chitin and synergy with chitinase (55). The oxidative activity
of GH61 have been reported in 2011 and 2012 (56-58). The name of GH61 has been
changed to lytic polysaccharide monooxygenases (LMPO), and re-classified into auxiliary
activity (AA) family 9 (59).

To check the research trend of cellulase, the number of published articles about
cellulase between 1990 to 2012 was analyzed (Fig. 1-6). The number of articles was stuck
during 1991 to 2006, but the number was remarkably increased after 2007. When one
more keyword (gene, structure or biomass) was added, the recent trend was clarified.
About the gene and structure, the articles appeared after the first report of each technique,
and the numbers of articles slightly increased recently. On the other hand, the number of
articles including ‘biomass’ as a keyword slightly increased during 1991 to 2006, but
drastically increased after 2007. The value in 2012 was over 300, and occupied about one
third of all articles about cellulase. This result indicates that the recent research trend of

cellulase is application for biomass conversion.
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1.2.2 Classification and general characterization of cellulase

1.2.2.1  Enzyme commission number

Enzyme commission (EC) number represents the chemical reaction of the enzyme (Fig.
1-7). Hydrolases are assigned to EC 3 category, and cellulases are classified in three EC
numbers. EC 3.2.1.4 is endo-(B-1,4 glucanase, which catalyzes endo-hydrolysis of 3-1,4
glucosidic linkages in cellulose, lichenan and other -glucans (60,61). EC 3.2.1.91 and EC
3.2.1.176 are non-reducing-end cellobiohydrolase and reducing-end cellobiohydrolase

respectively, which mainly produce cellobiose from each end of cellulose (62,63).

1: Oxidoreductases —— EC3.2 Glycosylase
2: Transferases ¢ _
o 3: Hydrolases EC¢3.2.1 Glycosidase
4:Lyases EC3.2.1.4 Endo-B-1,4 glucanase
5: Lsomelases EC 3.2.1.91 Non-reducing-end cellobiohydrolase
6: Ligases

EC 3.2.1.176 Reducing-end cellobiohydrolase

Fig. 1-7 EC numbers of cellulases

1.2.2.2  Attack point of cellulose and processivity

Cellulases are divided in three types by the reaction point on the cellulose (64) (Fig. 1-8).
First is the endo-attack which cleaves a glycoside bond not only from the ends of a
cellulose molecule chain, but also bonds within a molecular chain. Second is non-
reducing-end exo-attack, which hydrolyzes cellulose from non-reducing end (including

non-reducing-end CBH), and the last is reducing-end exo-attack, which hydrolyzes from

Non-reducing-end exo

Endo
™\ R
| + Reducing-end exo
t o ° ° o ° o —0 o

Fig. 1-8 Exo attack and Endo attack
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the other end (including reducing- end CBH).

Processivity is defined as the number of reaction without dissociation after the
formation of enzyme-substrate complex. This concept has been established about the
DNA polymerase | and amylase (65,66). In case of cellulase, many cellobiose multiple
units of cellobiose) are produced from cellulose by processive reaction (Fig. 1-9). Although
processivity is independent of the substrate intake pattern, processive cellulases are

sometimes divided into exo-processive and endo-processive.

WY
cess!
p*Q
JO m
o P ®
issociation processive reaction

Fig. 1-9 Processivity of cellulase

1.2.2.3 Reaction mechanisms

Cellulase is an enzyme which catalyze the hydrolysis of (3-1,4 linkages between glucose
residues (Fig. 1-10), and two different reaction mechanisms have been found in cellulases
(Fig. 1-11). One is inverting mechanism, and the other is retaining mechanism. The
anomeric conformations of products are converted with the inverting mechanism, but those
are kept with retaining mechanism (67). In the inverting mechanism, it is said that the
water molecule, which is activated by general base residue, attacks to the C1 atom of

substrate and general acid residue donates the proton to O1 atom of substrate. This reaction is

o)
o) Cellulase
O\ o o ~ o
R°/m
OH

Fig. 1-10 Reaction scheme of cellulase
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supposed to be catalyzed with single-displacement mechanism intermediating
oxocarbenium ion-like transition states. The catalytic residues are normally acidic residues
and the distance between them is longer than that of retaining enzymes (68). On the other
hand, retaining reaction is achieved via two steps; glycosylation and deglycosylation steps
(69). In the first step, the nucleophile residue attacks to the C1 atom, and the acid/base
residue protonates the glycosidic oxygen atom. After the step, glycosyl enzyme
intermediate is formed. In the second step, the intermediate is hydrolyzed by the water

molecule deprotonated by the acid/base residue.

Inverting mechanism

acid(?j:o - T Bk T

- o}
o o transition HO O
base | state |

Retaining mechanism

acid T B T 1
(0] (0] .
G H-
H e
8t o8
OR _— ")

L

: H,0
o) O 0 0 ROH base
nucleophile | g\—o o
i

transition state

glycosyl enzyme
intermediate

acid B 1
oo o
H . s

+
/oo’ T
o

transition state

Fig. 1-11 Reaction mechanisms of cellulase (from Cazypedia and modified)
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1.2.2.4  Glycoside hydrolase family
Carbohydrate active enzymes and associated modules (like as carbohydrate-binding
module: CBM) are classified into ‘Families’ based on their amino acid sequences and
summarized in the CAZy database (70). Cellulases are included in several glycoside
hydrolase (GH) families (53,54). At this time (Dec. 4, 2013), 133 GH families exist, and
cellulases are classified in 12 families (GH5, 6, 7, 8, 9, 12, 44, 45, 48, 51, 74 and 124)
(Fig. 1-12 and Table 1-1). Among them, exo activities have been reported to occur only in
four families (GH 6, 7, 9, 48). Although GH61 was previously classified as a cellulase,
recently it was moved to auxiliary activity (AA) family 9 due to the redox activity (56,59).

A clan is a group of GH families that share significant similarity in their 3-dimensional
structure, catalytic residues and mechanism (71). 14 clans (GH-A to N) are suggested in

CAZy now.

K "J’j 5
AcCel74A (4LGN)

Structure of cellulase
is not available

v w
{Cel9A (1CLC)

CiCel44A (2E4T) TrCel12A (1H8V)

Fig. 1-12 Structures of cellulases classified in GH families
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Table 1-1 Family classification of cellulase

Reaction
mechanism
Family | (base-acid) Attack point Clem CBM
or (Fold)
(nucleophile
-acid/base)
CBM1
CBM2
CBM3
CBM4
Retainig GH-A CBM6
5 (Glu-Glu) | Endo ( (a/B)8 barrel ) CBM9
cBM10
CBM11
cBM17
cBM28
6 Inverting Endo - ggm;
(Asp+Asp) | Exo (Non-reducing end) ( (B/a)7 barrel ) CBM10
Retainig Endo GH-B
/ (Glu-Glu) | Exo (Reducing end) (B-jelly roll) CBM!
Inverting GH-M
8 (Asp-Glu) | BN ( (a/a)6 barrel ) -
CBM2
9 Inverting Endo - ggmz
(Asp+Glu) Exo (Non-reducing end) ( (B/a)8 barrel ) CBMO
cBM10
Inverting GH-C CBM1
12 (Glu-Glu) | EN0 (B-jelly roll) CBM2
Retainig -
44 (Glu-Glu) | Endo ( (B/a)8 barrel ) CBM3
Retainig - CBMH
45 Endo CBM2
(Asp+Asp) ( double @ B-barrel ) CBM10
48 Inverting Endo GH-M ggmg
(- +Glu) Exo (Reducing end) ( (a/a)6 barrel ) CBM10
Retainig GH-A
51 (Glu-Glu) | Endo ((@p)8 barrel) | CBM1
Inverting i
74 Endo (two 7-bladed CBM1
(Asp-Asp) B-propeller in tandem)
Inverting -
124 (- +Glu) Endo (a+B "lysozyme fold") )

20




1.3 GH family 7 Cellobiohydrolases

1.3.1 General characteristics of GH7 cellobiohydrolases
GH7 cellobiohydrolase (CBH) is the major enzyme produced by filamentous fungi in
cellulolytic culture (38). Interestingly, GH7 CBH and EG are unique enzymes for fungi.
GH7 CBH was first purified as an exo-1,4-beta-glucanase from crude enzymes of
Trichoderma koningii in 1972 and Sporotrichum pulverulentum (= Phanerocaete
chrysosporium) in 1975 (32,72). In 1980, GH7 cellobiohydrolase from Trichoderma reesei
was named as CBH | due to the discovery of another cellobiohydrolase: CBH Il (GH6
cellobiohydrolase) (40). The gene of CBH | was cloned from T. reesei and its expected
amino acid sequence has been available since 1983, and CBH | has been classified in GH
family 7 since 1991 (41,54). The chain end specificity (GH7 CBH hydrolyze cellulose from
a reducing-end) was reported in 1989, and the EC number (EC 3.2.1.176) was assigned to
GH7 CBH in 2011 (45,46,63). Furthermore, the processive reaction of TrCel7A on the
molecular chain of cellulose on the crystalline cellulose surface was first directly observed
by high speed atomic force microscopy in 2009 (73).

Some GH7 CBHs have an additional domain, which is carbohydrate binding domain
(CBD) classified in carbohydrate-binding module (CBM) family 1 (Fig. 1-13). These two
domains, catalytic domain and CBD, are connected by an O-glycosylated linker region.

Catalytic domain (CD) of GH7 CBH is constructed of about 430 amino acids, and has

. . Catalytic domain
Linker region /

Carbohydrate binding domain

o 1% 1ew il NIRRT h\» -L't""'. b
~7 - L L L% - & -
.au'c'r.l-'xn .t?\\l)ub.lvlﬂlo. ,,.:,

—

pmap By O e S et Y N S

Fig. 1-13 Structure of TrCel7A (Modified figure of ref.(74))
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B-jelly roll fold (49). The CD of GH7 cellobiohydrolase has ten subsites (-7 to +3) and a
tunnel-like structure with loop regions stabilized by disulfide bridges (75,76). The catalytic
mechanism of GH7 CBH is retaining (77). GH7 CBH has the conserved motif (Glu-X-Asp-
X-X-Glu) at the catalytic center, and former and later glutamic acid act as the catalytic
nucleophile residue and acid/base residue respectively under assistance of aspartic acid
(78-80). CBD is constructed of about 30 amino acids and also stabilized by disulfide
bridges (81). Three hydrophobic amino acids form a flat binding surface and they are
located per cellobiose units (82). Linker region includes many serine, threonine and proline
residues and that is highly O-glycosylated (83). Recently, the effect of the linker region to

binding on the cellulose surface was suggested by molecular dynamics simulation (74).

1.3.2 Amino acid sequence comparison between CBH and EG

TrCel7A is the most studied CBH classified in GH7 from the ascomycete Trichoderma
reesei, and the X-ray structure of CD including substrate along the subsites is available
(84). The structure of TrCel7A CD with cellononaose is illustrated in Fig. 1-14 A, and the
glucose faces are shown in Fig. 1-14 B. The face, which the carbon atoms constructing
glucose ring are clockwise, is named as a-face, and the other face is named as B-face
(85). Cellulose chain is twisted 90 degrees at the subsite -3 and inverted at the subsite -2.
Four tryptophan residues are located along the subsites, and Trp40 residue interacts with
the a-face of glucose, but the other residues (Trp38, Trp367 and Trp376) interact with the
B-face of glucose. Among them, the two tryptophan residues (Trp38 and Trp40) are
located at the entrance of the tunnel-like structure, and the others are constructing the
active site. Recently, a lot of information of genes coding GH7 enzymes are available by
the studies about cloning of the genes and genome analysis of fungi. In addition,
informations concerning thier activity is reported and summarized in the CAZy database

(http://www.cazy.org). The alignment of GH7 enzymes, made by the MAFFT ver.7 software
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(http://mafft.cbrc.jp/alignment/server/), is shown in Fig. 1-14. The aligned sequences are
classified to in CBH-type and EG-type sequences (Fig. 1-14). Among the four tryptophan
residues, the residues corresponding to Trp367 and Trp376 in TrCel7A are conserved in all
GH7 enzymes, but the residues corresponding to Trp40 and Trp38 are unique for CBH
type enzymes. Additionally, the residues conserved only in CBH were marked in Fig. 1-15.
These residues are all constructing subsite from -7 to -3, which is near the entrance of the
tunnel (Fig. 1-15).

Interestingly, the tryptophan residue at the entrance of the tunnel is also conserved
among the GH family 6 CBHs, and it has been reported that the enzymes lose their activity
for crystaline cellulose without the tryptophan residue (86). Therefore, the tryptophan
residue at the entrance of tunnel is thought to have a key function in crystalline cellulose

degradation.

a-face

Trp367 Trp376

Glucose

B-face
e B-face

TrCel7A (DB ID: 8CEL) a-face
Fig. 1-14 Tryptophan residues along subsites of TrCel7A (A) and glucose surface (B)
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Trichoderma reesei Cel7A QSACTLGSETHPPLTWQKCSSGG--TCTQQTGSVY IDANWRMWTHATNSST---[Nc B A-akNvGARLYL B acPRB|LK]F NG B MV LVMS LWPDYYANMLWLDST
Acremonium thermophilum Cel7A QAACSLTAETHPSLQWQKCTAPG--SCTTVSGQVT IDANWRWLHQTNSST---|NICH PYSKN|IGSRMYL § QCPRD|LK|FING I MVLVLSVWDDHAVNMLWLDST
Acremonium thermophilum Cel78 QGVGTQQTETHPKLTFQKCSAAG--SCTTQANGEVV IDANWRWVHDKNGYT---|NIc g SYATIN[IGSRMYL g QCPR[|LK[F IDG g MVLVLSLWPDHYSNMLWLDST
Aspergillus aculeatus CBH QQVGTYTAETHPSLTWQTCSGSG--SCTTTSGSVV IDANWRMVHEVGGYT -~ NG | S-QKNIGSRLYL | QCPRDILKIFIDG | MVLVLSLIWDDHAADMLWLDSD
Aspergillus nidulans CBH QKVGTQQAEVHPGLTWQTGCTSSG--SCTTVNGEVT IDANWRWLHTVNGYT---|NIC - @-QKN[IGSRVYL = QGPRD|LK|FING = MVLVLSLWDDNYSNMLWLDSN
Aspergillus niger CBH-A QQAGTLTEEVHPSLTWQKCTSEG--SCTEQSGSVV IDSNWRWTHSvNDST---|Nc ¥ --asNvesriyL ¥ acerp|k|F o ¥ mviiLsLwpoyyasmemLDsD
Aspergillus niger CBH-B QQVGTYTTETHPSLTWQTCTSDG--SCTTNDGEVV IDANWRWVHSTSSAT---Nic B s-skN1GSRLYL B QCPRD|LK|FING | MVLVLSLWDDYAADMLWLDSD
Chaetomium thermophilum CBH-1 QQAGSLTTETHPRLTWKRGTSGG--NCSTVNGAVT IDANWRWTHTVSGST---|NIC I QHGTNVGSRVYL | QCPRD|LK|FING | MVLVMSVWDDHYANMLWLDST
Chrysosporium lucknowense Cel7TA ~ QNACTLTAENHPSLTWSKCTSGG--SCTSVQGS IT IDANWRWTHRTDSAT -~ -|N[C § QYST|N[IGSRTYL § QCPRP[LK|FING § MVLVMS [WDDHAVNMLWLDST
Cochliobolus carbonum Cell QQVGTSTAENHPKLTWQTCTGTGGTNCSNKSGSVVLDSNWRMWAHNVGGYT -~ -ING | SFSSNIGSRTYL | QCPHDIIKIF ING | HVLIMS LIWGDHAVNMLWLDST
Fusicoccum sp. CBH QQVGTQTAETHPKLTTQKCTTAG--GCTDQSTS IVLDANWRMWLHTVDGYT---|N|GC = S-QTN[IGGRVYL _ QCPHD|IK|FING ~ MVLVMSVWDDHAANALMLDSS
Humicola grisea Cel7A QQVCSLNTETKPALTWSKCTSSG---CSDVKGSVV IDANWRMWTHQTsasT---|Nc B pyskNicsrTvL T acrrpvklr inG T mvivms LwhonnsNMLwLDs T
Humicola grisea CBH-2 QQACSLTTERHPSLSWKKGTAGG--QCQTVQASITLDSNWRWTHQVSGST---Nic B aysTNVGSRTYL B QCPRD|IK|FING | MVLVMS IWDDHASNMLWLDST
CBH Hypocrea koningii CBH QQAGTITAENHPRMTWKRCSGPG--NCQTVQGEVV IDANWRMWLH--NNGQ---|NICH EYGTINJIGSRFYL | QCARPD[LKIFIGG I MVLVMS I[WDDHHSNMLWLDSS
IrpeXIaCIQUSCeH QSACTLGSETHPPLTWOKCSSGG”TCTQOTGSVVIDANWRWTHATNSST”’NCIA’GKNVGARLVL 1 QCPRID|LIK|F ING 1 MVLVMS LWDDYYANMLWLDST
IrpexlacleusCeI2 QQVGTQMAEVHPKLPSQLCTKSG---CTNQNTAVVLDANWRWLHTTSGYT---N|C --GTINVGSRVYL 1 QCPHD|IK|F ING 1 MVLAMSVWDDHAASMQWLDSN
Melanocarpus albomyces Cel7B QQVGTNQAENHPSLPSQKCTASG---CTTSSTSVVLDANWRWVHTTTGYT---NC - --GT|NVGSRVYL _ QCPRPD[IK|FING = MVLALSLWDDHAANMLWLDSD
Penicillium chrysogenum Cel7A QRAGNETPENHPPLTWQRCTAPG--NCQTVNAEVV IDANWRWLHD-DNMa---|Nc B evaTMvesrrvL ¥ acarp|kFvae | mvivms iwponyANMLMLDS 1
Penicillium funiculosum Cel7A QQVGTSTAEVHPSLTWQKCTAGG--SCTSQSGKVV IDSNWRWVHNTGGYT---Nc B s-akNj1GsrRLYL I acPRD[LK/FING I MVLVMSLWDDHAANMLWLDST
Penicillium janthinellum Cel7A QQIGTYTAETHPSLSWSTCKSGG--SCTTNSGAITLDANWRWVHGVNTST-~--INICl --GS[NVGSRTYL | QCPRD|LK[FIAG | MVLVMSLWDDYSVNMLWLDST
PhanerochaeiechrysosporiumCeWC QQVGTNTAENHRTLTSOKCTKSG”GCSNLNTKIVLDANWHWLHSTSGYT”’NCI --GS|NVGSRVYL 1 QCPRID[IK|F ING 1 MVLALS I[WDDYAANMLWLDSN
Phanerochaete chrysosporium Cel7D QOAGTNTAENHPQLQSOOCTTSG**GCKPLSTKVVLDSNWRW\/HSTSGYT***NCI --GS|NVGSRVYL 1 QCPK|D|I[K[F ING 1 MVLALS IWDDHAANMLWLDSD
Talaromyces emersonii CBH QQAGTATAENHPPLTWQECTAPG--SCTTQNGAVVLDANWRWVHDVNGYT---|NIC - --GSNVGSRLYL _ QCPRD|LK|FIDG - MVLVMSLWDDYAAQMLWLDSD
Thermoascus aurantiacus CBH HEAGTVTAENHPSLTWQOCSSGG”SCTTQNGKVVIDANWRWVHTTSGYT”’NCI S-GK|N|[IGSRLYL 1 QCPRID|LK|F ING 1 MVLVMS LWDDHAANMLWLDST
Thielavia australiensis CBH QAVCSLTAETHPSLTWQKGTAPG--SCTNVAGS [T IDANWRWTHQTSSAT---Nc B evsTN1GSRTYL I acPRPD|LK[FING | MVLVMSVWDDHAVNMLWLDST
Trichoderma viride CBH QSACTLGAETHPPLTWQKCSSGG”TCTQQTGSVVIDANWRETHATNSST”’NC.A’QKEVGARLVL § QCPRD|LK|FING § MVLVMSLWDDYYANMLWLDST
; L} 1 ]

ASPEfg’”US/’HdU,a/’ISEG QQIG'-TPElRPRLTTVHCTSAN——GCTEQNTSVVLDAATHPIHDASNPSV--SCI GALSSVSPRVYL 1 QCY-VNPWING 1 MVLAMS [WNDAGGYMQW|LD - -
AspergillusolyzaeCelB QQVGT-TADAHPRLTTYKCTSQN--GCTRQNTSVVLDAATHF IHKKGTQT---SC NATKSLSPRVYL QCY-TTPWING MVLALS IWNDAGS FMQW|LD - -
Coptotermes lacteus EG-1 == --------------- QCSGKG--SCSDVSGYLVHDRHIGDVWDRENSD----- ¥ pnkkvvesriyr B nov---oonoo T hvvvrsLWpspa--MswMD - -
Coptotermes lacteus EG-2 NGKKVVGSRLY 1T B NCV-=------- 0 HYVVFSLWDSNG--MS|WMD - -
EG Fusa(iumoxysporumCeWB QTPD-KAKEQHPKLETYRCTKAS--GCKKQTNY IVADAGIHGIRQKNGAG---CGJ --NQLVSPRVYL | QCY-VTPFING | MVLAMSVWWSEGD FMAWLD - -
HUmiCO,agﬁSeaEG QKPG'ETKEVHPQLTTFRCTKKG—-GCKF’ATNVIVLDSLSHPIHRAEGLGWGNCGI ~-DGRVPSPRVYL 1 QCF-VTPFING ] MVLAMS IIWWDQGGNMEWLD - -
Humicola insolens Cel7B QKPG'ETKEVHPQLTTFRCTKRG—-GCKPATNFIVDLSLSHPIHRAEGLGPGGCGI ~-DGRVPSPRVYL 1 QCF-VTPFING 1 MVLAMS IIWWDQGGNMEWLD - -
PSEuthIiCthymphag,assi/'EG»T - ~-~-EKHPNFTWQQCT-KS--GCTDVHGFLVHDKHMGD IRDRDNAD - - - -~ ENRKVVGSRIY 1 HVLVFSLWDSDG--MNWMD - -
PSeUthI[CthymphagrassﬁEG»Z EKHPNFTWQQCT-KS--GCTDVHGFLVHDKHMGD IRDRDNAD - -1 ENRKVVGSRIY 1 1 1 HVLVFSLWDSDG--MNWMD - -
Pseudotrichonympha grassii EG-3 EKHPNFTWQQCT-KS--GCTDVHGFLVHDKHKGD IRDRDNAD----- B ENRKVVGSRIY I | I HVLVFSLWDPSDG--MNWMD - -
Trichoderma longibrachiatum EG QQPGTSTPEVHPKLTTYKCTTSG--GCVAQDTSVVLDWNYRWMHDAN-YN---SCJ GGYSSVSPRLYL | QCP-VQTWRNG | MVLVFS IWNDNSQYMNWLD - -
Trichoderma reesei Cel7B QQPGTSTPEVHPKLTTYKCTKSG--GCVAQDTSVVLDWNYRWMHDAN-YN---SC g GGYSSVSPRLYL y QCP-VQTWRNG g MVLVFSIWNDNSQYMNW|LD -~
Trichoderma viride EG QQPGTSTPEVHPKLTTYKCTKSG--GCVAQDTSVVLDWNYRWMHDAN-YN---SC GGYSSVSPRLYL _ QCP-VQTWRNG , MVLVFS IWNDNSQYMNWLD - -

Fig. 1-15 Sequence alignment of characterized GH7 enzymes
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Fig. 1-16 Interactions between cellulose chain and unique residues for GH7 CBH in TrCel7A

1.3.3 Comparison of loop structures between CBH form ascomycete and basidiomycete
Phylogenetic tree of the GH7 enzymes was made from the alignment of sequences
classified as ‘characterized’ enzymes in the CAZy database (Fig. 1-17). As a result, Cel7s
have been clearly divided into two major sub-families (CBH and EG), and also CBHs were
divided into the two groups; one comprising the ascomycete CBHs and the other
comprising the basidiomycete CBHs. In Fig. 1-17, the differences of the loop regions
among the three enzyme groups are also shown. Ascomycete CBHs have four loop
regions, but EGs have only two of them and their subsites are more open. On the other
hand, basidiomycete CBHs lack one loop region covering the active site compared with
the other CBHs. Thus, the structure of basidiomycete CBHs are in between of the
structures of ascomycete CBHs and EGs.

Another difference between basidiomycete and ascomycete about GH7 enzymes is
their secretion pattern. Ascomycete typically produces both CBH and EG type GH7
enzymes in cellulolytic culture, whereas basidiomycete produces only similar CBH type

GH7 enzymes. For example, white-rot fungi Phanerochaete chrysosporium produces
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PcCel7C and PcCel7D to a cellulolytic culture. Structural comparison of PcCel7C and
PcCel7D showed no difference in the amino acids that are expected to interact directly
with the cellulose chain in the subsites of the catalytic domains (76). However, three amino
acids constructing loop regions, located in loop2 and loop4 covering the active-site tunnel,
are different, as shown in Fig. 1-18. This informations implies that the possibility to clarify
the importance of loop regions for processivity by the activity comparison of CBHs from

ascomycete and basidiomycete.
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Figure 1-17 Phylogenetic tree of the sequence based alignment of Cel7s classified as

‘characterized’ at the CAZy database and differences of loop regions among three groups.
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PcCel7D

Fig. 1-18 Different amino acids around the loop regions between PcCel7C and PcCel7D.

Y367 and H367 residues are located on the loop4 and the others are located on the loop2.

1.3.4 Recent advances in GH7 cellobiohydrolase research

Because cellulose is an insoluble substrate, GH7 CBH should act on the liquid-solid
interface. In case of GH7 CBH with CBD, the reaction is started by the adsorption on the
cellulose surface. After binding on the surface by CBD, catalytic core catches the cellulose
chain end and takes it into the catalytic center. Finally, GH7 CBH start the processive
reaction and desorb from the cellulose (Fig. 1-19). All the steps are important for
understanding the CBH reaction. Therefore, research history about the each step of reaction
(Adsorption, substrate intake and processive reaction) and kinetics of GH7 CBH are

summarized below.
Adsorption

O = _O

esorption

Desorption Adsorption

Processive reaction substrate intake

Fig. 1-19 Reaction cycle of GH7 cellobiohydrolase
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Adsorption

Adsorption of purified CBH | on the cellulose was reported in 1977, and visualized by
electron microscopy in 1983 (87,88). The shape of CBH | (head and long tail) and the two-
domains structure was revealed by small angle X-ray scattering in 1986 (89). To
investigate the effect of the small domain, the activities of intact CBH | and catalytic core of
CBH | (papain treated CBH 1) were compared in 1986 and 1988 (90,91). As a result, it was
shown that C-terminal domain of CBH | is related to the adsorption and degradation of
crystalline cellulose. In addition, three dimensional structure of C-terminal domain of CBH |
has been solved by NMR and adsorption potential was suggested by the structure in 1989
(81). Substrate recognition by CBD has been reported in detail in 1997 (82). Furthermore,
the reversibility of adsorption of TrCel7A and the half time of adsorption of CBD from
TrCel7A was reported in 1999 (92,93). The double binding model of CBD and CD has
been suggested in 1991 due to the two domain structure and the curve fitting of the
adsorption data to the Langmuir’s two-binding-site model (94). Although the two binding
model has been used for a long time, the new model of binding: negative cooperative
adsorption was proposed in 2012 (95). The model was proposed because the binding
isotherm of a fusion protein of the CBD of TrCel7A with red-fluorescent protein (RFP) even
fitted better to the Hill’s model than to the Langmuir’s single site model. In 2013, one of the
role of CBD was studied at high substrate concentration by comparing the activity of
enzymes with and without CBD under (96). It was suggested that CBMs are crucial for

substrate recognition only at low substrate consistencies.

Substrate intake
GH7 CBH was first defined as an exo-glucanase, because it was not capable of
decreasing the viscosity of CMC, and its specificity towards the reducing end of cellulose

was reported in 1989 (45,46). However the possibility of endo attack of GH7 CBH to
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cellulose was also reported in 1993 (97). In 1995, although the disadvantage of GH7 CBH
for endo attack was shown by a comparison of the structures of GH7 CBH and EG, the
possibility of endo attack remained. Additionally, the endo activity of GH7 CBH to both end
labeled cellotetraose was suggested in 1997 (98). Recently, the probability of endo attack
of TrCel7A to reducing-end labeled amorphous cellulose or bacterial cellulose was

reported in 2011 (99).

Processive reaction

After the X-ray structure of catalytic core of CBH | (TrCel7A) was solved in 1994 and the
structures of TrCel7A and EG | (HiCel7) were compared in 1995, the possibility of
processive reaction of CBH was suggested due to the unique tunnel-like structure of CBH
(49,51). The processive reaction and the specificity to reducing end of TvCel7A (CBH |
from Trichoderma viride) was first visualized by an electron microscopy in 1998 (100). Also
in 1998, the definition of processivity (processivity = the velocity of moving / the velocity of
dissociation) was suggested and, it was concluded that the processivity was limited by the
non-productive binding enzymes and the roughness of cellulose surface (101).
Additionally, the processivity of TrCel7A to avicel was calculated by the production ratio of
cellobiose per glucose, and the value was estimated to be between 5 and 10 in 1998
(102). In 2003, the relationship between the loop structure and processivity was shown by
the comparison of TrCel7A wild type (WT), loop region deleted mutant of TrCel7A and GH7
CBH from a basidiomycete Phanerocaete chrysosporium (PcCel7D) (103). The rough
indexes of processivity were calculated from the production ratio between cellobiose and
the sum of glucose and cellotriose. In the paper, the processivity of TrCel7A WT on
bacterial microcrystalline cellulose (BMCC; bacterial cellulose (BC) treated by hydrochloric
acid) was 23. In 2005, the processivity of TrCel7A was estimated by the separation of

products from initial attack and processive reaction with reducing end labeled BC and
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BMCC (104). The estimated processivities were about 42 + 10 and 88 + 10 on labeled BC
and BMCC respectively. In the same year, the subsite affinities of TrCel7A catalytic domain
were calculated (105). As a result, it was shown that the subsites energy gradient was
suitable for substrate sliding into the catalytic center, and the ability of processive reaction
of TrCel7A was supported. Recently, the processive movements of TrCel7A molecules
were directly observed by high-speed atomic force microscopy (HS-AFM) in 2009 (73). In
2011, the processivity of TrCel7A on reducing end reduced BC was reported to be 61 + 14,
and the theoretical processivity, which was calculated from catalytic constant (kca) and
dissociation rate constant (ko) under the hypothesis; kcat >> kot and all enzymes were
making enzyme-substrate complex, was reported to be 4000 + 570 (99). In 2012, the
observed processivity of TrCel7A to #C-labeled BC was reported to be 66 + 7 (106). In the
study by Jalak et al. (106), the reducing-end of BC was not labeled or modified, but it was
assumed that the initiations of processive reaction of each TrCel7A molecule were limited
to one by the adding of amorphous cellulose into the reaction mixture to trap the free

enzymes.

Kinetics and reaction model

For a long time, the importance of (i) the character of the enzyme, (ii) the physical
properties of the substrate and (iii) the interactions between enzyme and substrate for
understanding of cellulase reaction has been discussed (Fig. 1-20). About the first factor,
many studies have been reported as described above. The first kinetics of GH7 CBH to
soluble cello-oligosaccharides was reported as Michaelis-Menten equation with product
inhibition in 1980 (107). About the factors of cellulose, the surface area and the
accessibility of cellulase, the degree of crystallinity and degree of swelling were suggested
around 1970 and reviewed in 1980 (108). In 1975, the first kinetic model of crude

cellulase, which includes the enzyme adsorption as the Langmuir’s single adsorption

29



model, was proposed (109).

The first kinetic study about purified GH7 CBH on cellulose was reported in 1977
(87). In the paper, kinetic model of GH7 CBH was also descried as a combination of
Michaelis-Menten equation and the Langmuir’s single adsorption, but the substrate
concentration was described by the surface area of a-cellulose (m2 / g-cellulose).
Additionally, the competitive inhibition of cellobiose and inhibition constant were reported.
In 1987, the kinetics of GH7 CBH and GH6 CBH and six endo-glucanase was reported
(110). In the paper, the surface area of avicel was described by the amount of maximum
protein adsorption (mg-protein / mg-cellulose), and the relationship between the hydrolysis
velocity and the amount of adsorbed enzyme was discussed. In 1998, the decrease of
velocity at the early stage of cellulose degradation was discussed by the data of the
cellobiose production velocity vs amounts of adsorbed protein and free protein (101). As a
result, it was suggested that the non-productive binding enzyme and the crumbled surface
of cellulose hinder cellulase activity. The amount of produced cellobiose vs reaction time
was fitted to a dual exponential equation; p(t) = a+(1-e®t)+c+(1-edt), but the meaning of
the equation was not discussed. In 2006, the concept of surface density was introduced to
cellulase kinetics (111). In this concept, cellulose surface area was defined by maximum

amount of adsorbable enzyme calculated from Langmuir’s two-binding-site model. The

The character of enzyme

The interaction between enzyme and substrate

The pysical properties of substrate

Fig. 1-20 The factors for analysis of cellulase reaction
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density was calculated from the amount of adsorbed enzyme per the maximum potential
value of surface amount of adsorbed enzyme. Based on the velocity per adsorbed enzyme
and surface density, it was suggested that the congestion of enzyme molecules on
cellulose surface decrease the activity of each TrCel7A molecule. In addition, the reason of
high activity of TrCel7A to cellulose Il was clarified by surface density analysis in 2007
(112). As a result, it was shown that cellulose Il has larger hydrophobic surface and higher
accessibility for cellulase. The hypothesis of ‘the traffic jam’ of TrCel7A has been
supported by observation via HS-AFM in 2011 (113). In 2010, the amount of enzyme,
which containing the cellulose chain in subsite, was calculated from the degree of
inhibition on soluble substrate hydrolysis by cellulose (114). In the paper, the importance of
Korr was suggested under the hypothesis; kcat >> kot *n (n is processivity). In a paper of
2012, the mean of double exponential equation was estimated by the measurement of
subsites occupied enzyme on “4C-labeled BC (106). By the result, it was concluded that
the division of equation is caused by the small amount of enzymes, which shows different

observed processivity or different velocity.
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1.4 Aim of this thesis

Although the X-ray structure of GH7 CBH was solved already in 1994, there has not been
enough discussion was achieved about the relationship between activity and enzyme
structure. Therefore, the aim of this thesis is to investigate the relationship between the
ability of CBHs to degrade crystalline cellulose efficiently and the unique structure of the
catalytic domain of GH7 CBH (Fig. 1-21).

The tryptophan residues and the tunnel-like structure are the unique features of the
structures of CBH. The tryptophan residues seems to be related to the initial substrate
recognition and to the intake of the cellulose chain, because the residues are located at
the entrance of the active site tunnel. To analyze the roles of these tryptophan residues in
the substrate recognition mechanism, the activities for soluble model substrate, cello-
oligosaccharides and crystalline cellulose were compared among the wild type (WT) and
tryptophan mutants (W38A and W40A) of TrCel7A. In addition, the processive reactions of
CBH molecules from T. reesei (TrCel7A) and P. chrysosporium (PcCel7C and PcCel7D) on
the crystalline cellulose were observed using the high-speed atomic force microscopy. The
relationship between processive reaction and tunnel like structure constructed by loop

regions were analyzed by comparing of the kinetic parameters of the CBHs.

Adsorption
| Desorption
Desorption ' Adsorption
<
' rp40 Trp38
L * G [
Processive reaction Substrate intake

Fig. 1-21 Research target of this thesis
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2. Materials and methods
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2.1 Enzyme production

211 TrCel7A mutants

Trichoderma reesei strains, in which each of mutated TrCel7A genes were introduced,
were cultivated in a Chemap LF 20 fermenter (working volume 15 I). The cultivation
medium contained 60 g of whey powder, 30 g of spent grain, 5.0 g of KH2PO4 and 5 g of
(NH4)2SO4 per liter of medium. Inocula (spore suspensions in 50% glycerol stored at —
80°C) were grown on the same medium with only 20 g I-! carbon source and 10 g I-! spent
grain, buffered with 15 g I KH2POg, in two stages of 4 x 50 ml (72 hours, 200 rpm, 28°C)
and 5 x 200 ml (10% v/v transfer, 48 hours, 200 rpm, 28°C). The fermentation lasted for
192 hours and the other cultivation conditions were: T = 28°C, pH 4-5 (lower limit
controlled by addition of NH4OH, upper limit by addition of HzPO4), dissolved oxygen (DO)
> 30% (agitation 400 — 800 rpm), aeration 5 | min-'. Foaming was controlled by automatic
addition of Struktol J633 polyoleate antifoaming agent (Schill & Seilacher, Germany). After

fermentation, the mycelium was separated by centrifugation for 30 min at 4000 g, 4°C.

21.2 PcCel7C and PcCel7D

Phenerochaete chrysosporium strain K-3 was grown on 2 L of Kremer and Wood medium
containing 2% cellulose (CF11; Whatman) as the sole carbon source in a jar fermenter
with 5 L working volume (Takasugi Seisakusho, Tokyo, Japan). The temperature was 37 C
and the pH was maintained at 5.0 with phosphoric acid and potassium hydroxide. Stirring
was done at 300 rpm and air was supplied at 2.0 I/min. After cultivation for 120 hours, the
culture supernatant was separated using a glass filter membrane. Extracellular proteins

were precipitated with ammonium sulfate at 70% saturation and stored at 4’ C.
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2.2 Enzyme purification

2.2.1 TrCel7A and TrCel7B and TrCel7A mutants

TrCel7A WT was purified from Celluclast® 1.5L (Novozymes, Denmark). The crude
enzyme was desalted by a 50 ml column volume (C.V.) of gel filtration column
(TOYOPEARL® HW-40s: TOSOH, Japan,), which was equilibrated with 20 mM potassium
phosphate buffer pH 7.0. The protein concentrations of each fraction was measured by
Protein Assay (Bio-rad, USA), and the fractions containing protein were mixed and injected
to an anion exchange column (TOYOPEARL® DEAE-650s, C.V. = 150 ml), which was
equilibrated with the same buffer. The proteins were eluted by a linear gradient of 300 mM
potassium chloride. After the measurement of protein concentration, the hydrolysis activity
for p-nitrophenyl-B-D-lactoside (pNPL: Sigma-Aldrich, USA) was measured, and purity of
each fraction was estimated by SDS-PAGE. The fractions containing about 60 kDa
enzyme, which has activity for pNPL, were collected and mixed with half amount of 2.0 M
ammonium sulfate solution. The enzyme solution was injected to a hydrophobic interaction
column (TOYOPEARL® Phenyl-650s, C.V. = 70 ml), which was equilibrated with 20 mM of
sodium acetate buffer pH 5.0 containing 1.0 M ammonium sulfate. The enzyme was eluted
by a linear reverse-gradient of ammonium sulfate. The protein concentration, activity for
PNPL and purity of each fraction was analysed by the same methods, and the enzyme
was collected. The buffer solution of the enzyme was changed to 20 mM of sodium
acetate buffer pH 5.0 by ultra-filtration. The enzyme solution was filtrated by 0.1 ym of a
PVDF membrane (Ultrafree Centrifugal Filters: Merch-Millpore, Deutschland). Enzyme
concentration was calculated from the absorbance at 280 nm. Molar absorbance
coefficient of TrCel7A WT was 83370 M-1-cm-1. Two tryptophan mutants were also purified
from each enzyme solution by the same methods, but the value of molar absorbance
coefficient was 77680 M-1-cm-1. Purified enzymes were stored at 4 °C. TrCel7B was also

purified from Celluclast® 1.5L. The flow-through fraction of the DEAE-650s was collected,

35



and the buffer was changed to 20 mM Tris-HCI buffer pH 8.0. The enzyme solution was
injected to a DEAE-650s (C.V. = 150 ml) column equilibrated with the same buffer, and
enzymes were eluted by a linear gradient of 300 mM sodium chloride. The fractions
contained 60 kDa enzyme, which has activity for pNPL, were mixed with half amount of 2.0
M ammonium sulfate solution. The enzyme solution was injected to a Phenyl-650s column
(C.V. = 70 ml) equilibrated with 20 mM sodium acetate buffer pH 5.0 containing 1 M
ammonium sulfate. The enzyme was collected, and the buffer was changed to 20 mM Tris-
HCI buffer pH 8.0. The enzyme solution was injected to a DEAE-650s (C.V. = 150 ml)
column equilibrated with the same buffer, and enzymes were eluted by a linear gradient of
150 mM sodium chloride. The buffer of the TrCel7B was changed to the same buffer as
the other enzymes, and the enzyme concentration was calculated by the same method.

Used value of the molar absorbance coefficient was 70590 M-1<cm-.

222 PcCel7C and PcCel7D

Precipitate of extracellular proteins was dissolved in 20 mM potassium phosphate buffer
(pH 7.0) and was applied to a DEAE-Toyopearl 650s column (C.V.: 150 ml) equilibrated
with 20 mM potassium phosphate buffer (pH 7.0) after desalting. Proteins were eluted with
a linear gradient 0 to 0.3 M KCI in 1050 ml. The protein concentration of fractions were
estimated by Protein Assay kit according to the manufacture’s instruction. Twenty ul of
samples were incubated with 20 yl of 10 mM p-nitrophenyl lactoside (pNPL), 20 ul of 1M
sodium acetate buffer (pH 5.0) and 140 pl of water. Reactions were stopped by the
addition of 20 ul of 2 M Na>CO3 and measured absorbance of the reaction mixture at 405
nm (€405 = 16608 M-'cm-'). Their pNPL hydrolyze activity units were calculated using the
standard curve of p-nitrophenol. The purity of each fraction was checked by SDS-PAGE
and collected fractions containing about 58-kDa and 62-kDa proteins with pNPL-

hydrolyzing activity. The 62-kDa protein in flow through fractions were equilibrated against
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20 mM Tris-HCI buffer, pH 8.0, and applied to a SuperQ-Toyopearl 650S (TOSOH; C.V.:
100 ml) equilibrated with same buffer. Proteins were eluted with a linear gradient 0 to 0.1
M NaCl in 800 ml of 20 mM Tris-HCI, pH 8.0. After that, ammonium sulfate was added to
protein solution to final concentration 1 M and fractionated on a Phenyl-Toyoperl 650s
column (C.V.: 67 ml) equilibrated with 20 mM sodium acetate buffer (pH 5.0) containing 1
M ammonium sulfate. Proteins were eluted with a reverse linear gradient 1 to 0 M
ammonium sulfate in 134 ml. Finally, protein solution was equilibrated against 20 mM Tris-
HCI buffer (pH 8.0) and fractionated on a DEAE-Toyopearl 650S column (C.V.: 150 ml)
equilibrated with same buffer. Proteins were eluted with a linear gradient 0 to 0.05 M NaCl
in 1350 ml. The fractions were assayed as described above and fractions containing 62-
kDa enzyme with pNPL-hydrolyzing activity were collected and equilibrated with 20 mM
sodium acetate buffer (pH 5.0). The 58-kDa protein solution was fractionated on a Phenyl-
Toyoperl 650s column (TOSOH; C.V.: 67 ml) using the same method. Finally, protein
solution was equilibrated against 20 mM potassium phosphate buffer (pH 7.0). Proteins
were eluted with a linear gradient 0 to 0.05 M KCI in 1350 ml. The fractions were assayed
as described above and fractions containing 58-kDa enzyme and pNPL-hydrolyzing
activity but not having p-nitrophenyl--D-glucoside-hydrolyzing activity were collected and
equilibrated with 20 mM sodium acetate buffer, pH 5.0. The purity was checked by SDS-

PAGE analysis on a 12 % polyacrylamide gel.

2.3 Cellulose preparation

2.3.1 Crystalline cellulose

Highly crystalline cellulose lqo-rich (HCC lq) and Iy were prepared from the green algae
Cladophora sp. as described previously (24,111). The cells preserved in 1 M sodium
hydroxide were washed by water and incubated 2h in the sodium acetate buffer pH 5.0

containing 0.3% sodium chlorite 80°C. Samples were washed by water and incubated in
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1.0 M sodium hydroxide solution at 25°C over night. After one more treatment by sodium
chlorite, the stalk ends of fascicles were removed and the bundles were cut into moderate
length. The sample was incubated in 0.1 M hydrochloric acid at 110°C for 20 min. Treated
sample was washed by water and broken into small fragments using a double-cylinder
type homogenizer. Cellulose fragments were recovered by centrifugation at 8000 g for 20
min and separated to two groups. For HCC lq, 30 g of sample was treated in 180 ml of 4 N
hydrochloric acid at 80°C with agitation (500 rpm) for 8h. For preparation of cellulose i,
25 g of sample was suspended in 125 ml of water and frozen by liquid nitrogen. The
sample was freeze-dried for 2 days and dried at 50°C over-night. Dried cellulose was
treated by ammonia under the supercritical condition for one hour and remained ammonia
was volatilized at room temperature. Treated cellulose was also hydrolyzed by 4 N
hydrochloric acid under the same condition. Acid hydrolyzed samples were concentrated
by centrifugation at 6000 g and re-suspended in water. After ten times washes, pH of the
sample was checked and the suspension was centrifuged at 3000 g and removed

precipitate. Purified cellulose was stored at 4°C.

2.3.2 Amorphous cellulose

Phosphoric acid swollen cellulose (PASC) was prepared from Avicel (Funacell Il,
Funakoshi, Tokyo, Japan). Avicel was dissolved in 85% (w/w) phosphoric acid and made
completely clear by smashing with a grass stick. After over-night incubation at 4°C,
cellulose was regenerated in water and homogenized by a high-speed blender. Cellulose

suspension was washed by water and stored at 4°C.
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2.4 Enzyme characterization

241. Activity comparison to cellulose

Purified TrCel7A WT and mutants were incubated with purified HCC 14 in 50 mM sodium
acetate buffer pH 5.0 at 30°C for 2 h. Enzyme and cellulose concentration were 0.5 yM
and 0.1% respectively. Soluble products were recovered from the reaction mixture by a
0.22 pym PVDF filter (MultiScreen wnrs filter plate: Merck-Millpore, Deutschland) and
separated by a HPLC (Jasco, Japan) equipped with a NH2P-4E column (Shodex, Japan)
with a linear gradient by water and acetonitrile. The amount of glucose to cellohexaose
was quantified by a Corona CAD detector (Thermo Fisher Scientific, USA) with standard
curves of each oligosaccharide.

TrCel7A, PcCel7C and PcCel7D (2.0 uM) were incubated with 0.1 % of cellulose Iq,
cellulose Ill; or PASC in 50 mM sodium acetate buffer pH 5.0 at 30°C. After 15, 30, 60 and
120 min (and additionally 5, 10 min for cellulose lq) incubation, reaction mixture was
filtrated by a MultiScreen 0.22 um filter plates and products were analyzed by the same
methods. Produced sugar (Glucose to cellotriose) concentrations in the reaction mixture
were fitted to the equation, g(t) = a*(1 — e’?) + c+t, and a differential equation, v(t) = a*b-e-bt
+ ¢ (from cellulose 1)) and g(t) = a+(1 — e?) + ¢+(1 — e9), and a differential equation, v(t) =
asbs ebt + cad- e (from cellulose lo and PASC), where a, b, ¢, and d are constants, and t

is the incubation time, in order to calculate the production velocity.

24.2 Determination of kinetic parameters to pNP-cellobioside

Purified TrCel7A WT and mutants were incubated with various concentration of p-
nitrophenyl-3-D-cellobioside (pNPC: Sigma-Aldrich, USA) in 50 mM sodium acetate buffer
pH 5.0 at 30°C for 120 min. Enzyme concentration was 0.1 yM. The reaction was stopped
by addition of 20 ul of 2 M sodium carbonate to 200 pl of mixture. The amount of released

p-nitrophenol was detected as the absorbance at 405 nm by a V-660 spectrophotometer
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(Jasco, Japan) and the concentration was calculated from standard curve of p-nitrophenol.
In case of PcCel7C and D, enzyme concentration was 1.0 yM and incubation time was 10
min. The plots of velocity vs pNPC concentration were fitted to Michaelis-Menten equation
with or without substrate inhibithion (v = kear Eo*S / (Km+S+S? / Ks) or v = kearEo*S | (Km

+9)).

24.4 Comparison of kinetic parameters to cellotetraose

Various concentrations of cellotetraose were incubated with the enzymes in 20 mM sodium
acetate buffer pH 5.0 at 30°C. The incubation times of WT, W38A were 30 min, W40A was
60 min. The Enzyme concentration to 10 M and 25 yM of substrate was 0.0125 yM, 50 to
100 yuM was 0.025 yM and equal to or higher than 150 uM was 0.05 yM. The methods of
separation and quantification of products were same as above. All plots were fitted by the
global fitting program packaged in Igor Pro 6 (WaveMetrics, Portland, USA) under the

restrictions calculated from the reaction models.

2.4.5 Molecular dynamics simulation of catalytic domains of WT and W40A

The initial coordinates of the TrCel7A CD were taken from Protein Data Bank (PDB)
structure 8CEL (84), and the structure of the W40A mutant was created by in silico
mutation. The protonation states at pH 7.0 were determined using the PDB2PQR server
(http://nbcr-222.ucsd.edu/pdb2pqr_1.8/), where the ten disulfide bonds described in the
PDB were assigned to the relevant cysteine residues. To compare the behaviors of
cellulose chain at the tunnel entrances of WTcat and W40Acat, the reducing end glucose
(head) of cellononaose was positioned at subsite -7 (other parts were created
automatically), which is the non-reducing end (tail) position in the original PDB structure.
Then the systems were fully solvated with explicit solvent (including crystal water) and 19

Na+ counter ions were added to obtain electrostatic neutrality. All the simulations were
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performed using the Amber 11 package (115). The Amber ff03 force field was used for
proteins. We employed the general Amber force field with the AM1-BCC patrtial charges for
the N-terminal pyroglutamic acid, the GLYCAM_06 force field for the cellononaose, and
the TIP3P model for water molecules. The systems were energetically minimized for 300
steepest-descent steps and equilibrated for 1 ns with gradually reducing restraints. Finally
two 50 ns production runs were performed with different initial velocities for each system.
The temperature and the pressure were controlled by using the Berendsen rescaling
method (116) and the long-range electrostatic forces were calculated using the particle-
mesh Ewald method (117). The trajectory analysis was conducted by using the Amber
module ptraj, and the snapshot structures were visualized with VMD (118). In addition, the
chain-end of cellononaose was initially positioned at subsite -5 and molecular dynamics
simulations were performed using same methods as described above for both the CD of

WT and W40A.

2.4.6 High-speed AFM observation

Movements of molecules of the three cellobiohydrolases were observed by high-speed
atomic force microscopy based on previous reports (113,119). 0.1% suspension of cellulose
[l was dropped on a grass stage covered by highly oriented pyrolytic graphite (HOPG) and
incubated for 10 min. After rinsing the unbounded cellulose with 50 mM sodium acetate
buffer pH 5.0, the stage was set on the instrument, and 70 ul of the same buffer was added.
2 ul of 20 uM cellulase solution was added and moving molecules, which start and end
movement in the observation area were analyzed. The averaged moving velocities of each
molecule were drawn by IGOR Pro 6 and fitted to Gaussian distribution. Adsorption times of
molecules were calculated form the number of observed frames, and the plots of number of
molecules to each range of adsorption time were fitted to the equation: f(t) =a- e-tt, which a

and b is constants, t is adsorption time. Highly crystalline cellulose 1l was used as substrate.
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3. Results and discussion
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3.1 Analysis of cellulose recognition by CBH unique tryptophan residues

3.1.1 Comparison of kinetic parameters to pNP-cellobioside

To quantify the differences among the WT and mutanted enzymes, the activities to soluble
model substrate were compared. The velocities of pNP release from each pNPC
concentration were plotted in Fig. 3-1. Although W40A showed substrate inhibition in the
tested range of pNPC concentration, the plots of other enzymes fitted to the normal
Michaelis-Menten equation. The kinetic parameters of each enzyme are summarized in
Table 3-1 and estimated reaction model is drown as Scheme 3-1. The kcar of WT was
0.418 min-', and the value of W40A was slightly lower, but the value of W38A was about
1.4 times higher. The Kn of WT was 62.5 yM and the value of W40A was a little smaller.
The Kmn of W38A was increased up to 14 times higher than that of WT. Therefore, the value
of kcat!/ Km of W40A was best, and the value of WT was second. The values of W38A was
more than ten times lower than the value of WT. The substrate inhibition constant (Ks) of
W40A was 6500 pyM.

These differences between WT and mutants should be caused by the mutagenesis of
tryptophan residues. Additionally, Trp40 and Trp38 residues are located far from the
catalytic site, and thus they are not directly affect to the hydrolysis reaction. Therefore, the
differences of kinetic parameters imply the changes in substrate-intaking characters, which
include the first binding step and the substrate sliding step. The presence of tryptophan
residues along the subsite would be better for the substrate binding, but worse for the
sliding due to the stabilization of complex. In case of W38A mutant, the value of Kn was
drastically increased and kcat/Km was decreased. These results imply that interaction by
the Trp38 residue is efficient for the pNPC hydrolysis. But the increase of kcat in the W38A
mutant also implies that the strong interaction between Trp38 and substrate becomes less
important when the substrate concentration is high enough to intake pNPC without Trp38

residue. On the other hand, W40A showed higher value of kcat/Km than WT. This change
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was caused by the increase of the value of rate constant ki. In addition, a big difference

between W40A and the other enzymes is substrate inhibition. This difference can’t be

explained by a simple substrate inhibition model, because the change of Ks needs the

changes of plus side of subsites in that model. One possibility, which can explain the

results, is the productive-nonproductive complex model. In case of pNPC hydrolysis, the

faces of substrate should be considered because the two different enzyme-substrate

complex (productive and non-productive) can be formed (Scheme 3-1). In this model, Ks is

affected by the rate constants about the substrate intake.

o
N
|

o
(o))
|

o
%
|

o
N
|

©
w
|

Velocity (/min)

0

Fig. 3-1 pNP-cellobioside hydrolysis by TrCel7A WT and tryptophan mutants
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Table 3-1 Kinetic parameters of TrCel7A WT and mutans to pNP-cellobioside

Enzyme Kcat (min'" Km wum) Keat/Km (min”1um™) *Ks (um)
WT 0.418 = 0.008 62.5 +8.2 66.9 x 104 -
W40A 0.328 +0.012 43.0 +6.9 76.3 x 104 6500 + 1020
W38A 0.589 + 0.033 898 + 164 6.6 x 104 -
*Ks is a substrate inhibition constant
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Scheme 3-1 Reaction model of pNPC hydrolysis of TrCel7A
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3.1.2 Comparison of kinetic parameters to cellotetraose

To clarify the differences among the three enzymes, kinetic parameters for cellotetraose
were determined. At first, production velocities of three enzymes from various
concentration of cellotetraose are shown in Fig. 3-3. WT and WA40A produced only
glucose, cellobiose and cellotriose, but W38A additionally produced cellohexaose from the
high concentration of cellotetraose. WT and W40A showed apparent decreases of velocity
under high concentration of cellotetraose, but W38A showed only slight decrease of
production velocities of glucose and cellotriose. These plots of velocity vs cellotetraose
concentration were fitted to the equations, which were calculated from the reaction model
of TrCel7A (Scheme 3-2). This model includes two types of cellotetraose intake from minus
side of subsite. In case of the substrates longer than cellotriose, both types cause
productive complex (hydrolysis points were different). Additionally, the model includes
trans-glycosylation and the intake from the plus side of subsite and/or endo-intake.

The determined parameters are summarized in Table 3-2. Especially for
cellotetraose, the products patterns depended on the initial intake pattern. Therefore, the
values of kcat1/Km Or keatd/Km reflect the efficiency of each substrate intake and hydrolysis.
The kcat1/Km of W40A (0.69 yM-'min-') was 1.1 times higher than WT (0.61 yM-'min-1) and
1.8 times higher than W38A (0.38 pyM-'min-1). Additionally, the kcaid/Km of W40A (0.48

UM-Tmin-1)

To be submitted

'oo.. a 2 r.oo. - . = R R RN » »

I : glulose, @: cellobiose, A: cellotriose, O : cellohexaose
Fig. 3-3 cellotetraose hydrolysis by TrCel7A WT and mutants
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Table 3-2 Kinetic parameters of TrCel7A WT and mutans to cellotetraose

To be submitted

-+ products were not detected

To be submitted

Scheme 3-2 Reaction model of cellotetraose hydrolysis of TrCel7A
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was 2.3 times higher than WT (0.21 pyM-'min-') and 8.2 times higher than W38A (0.06
UM-'min-1). These results shows that Trp38 residue increases the efficiency, but Trp40
residue decreases the efficiency of cellotetraose hydrolysis. The ratio of these two
efficiency (Kcat1/kca4) of WT was 3.0, and the values of W40A and W38A were 1.4 and 6.5
respectively. Thus, these two tryptophan residues have different tendency for the
substrate-intaking pattern. This tendency can be explained by the relationship between
initial binding patterns and productive complex (Scheme 3-3). Trp40 residue relates to all
of the initial binding patterns, and Trp38 residue relates only to one pattern. When Trp40
residue is mutated to alanine, all patterns will be affected, but the effect of decrease of
affinity of the initial binding for production of glucose and cellotriose can be covered by
Trp38 residue. In case of W38A mutant, the affinity in the initial binding pattern, which
forms the productive complex for glucose and cellotriose, may be decreased.

Another difference among the three enzymes was production of cellohexaose. The

production of cellohexaose indicates the trans-glycosilation activity of W38A mutant, but

Initial binding patterns
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Scheme 3-3 Relationship between initial binding patterns and productive complex
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structure of W38A around the catalytic site are same as WT and W40A. One hypothesis,
which can explain the difference, is forming the cellooctaose and the hydrolysis of it
(Scheme 3-4). In this model, production of cellohexaose is also depend on the affinity at
subsite -4. Although WT and W40A hydrolyse almost all cellooctaose by the strong
interaction of Trp38 residue, W38A mutant can’t keep the end of cellooctaose at subsite -4,
and result in the production of cellobiose and cellohexaose. This model is supported by the
decrease of processivity shown in the crystalline cellulose degradation and cello-
oligosaccarides hydrolysis.

The last matter is the possibilities of substrate intake from plus side subsite and
endo-intake. These possibilities are necessary for the curve fitting of the three enzymes,
because observed cellobiose production velocities of them are higher than the expected
values from the simple substrate inhibition model without square terms of substrate on the
numerators. Unfortunately, these possibilities can’t be separated in the equation, but
contributions of them to the cellobiose production velocities are also larger in the higher
concentration of substrate. The rate constant of these reactions (kcat2) of W40A and WT
were higher than that of W38A, and they showed negative correlation with Km2. Thus, the
reaction is regulated by the binding of second substrate. The productive binding of second
substrate always competes with the binding of first substrate around the catalytic site. This
relationship means that the substrate intake from both minus and plus side are inhibited by
each other. Therefore, in case of WT and W40A, small Km2 values suggested that
cellotetraose intaken from the minus subsite were trapped on the Trp38 residue, and

additional substrate can easily bind to the catalytic center.

/—\ W38A only
. (LHH-—H—(W e

7 6 5 4 3 2 -1 +1 +2 +3
w40 W38

Scheme 3-4 Trans-glycosylation model of TrCel7A W38A mutant
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3.1.3 Activity comparison to crystalline cellulose

To clarify the importance of Trp40 and Trp38 residues, the activities of the mutants of the
two residues to crystalline cellulose were compared with the activity of WT and endo-
glucanase (TrCel7B). The quantified concentrations of products are shown in Fig. 3-5.
Only glucose and cellobiose were detected in the reaction solution of all enzymes.
TrCel7A WT produced about 5.8 yM of glucose and 60 yM of cellobiose from HCC lq, but
two mutants produced about 10 yM of cellobiose. On the other hand, TrCel7B produced
about 5.5 yM of glucose and 27 uM of cellobiose at the same condition. In addition, the
ratio of cellobiose and glucose (= rough index of processivity) of WT was 10.3, but that of
W40A and W38A were 6.5 and 7.3 respectively. These results shows that the interactions
by both two tryptophane residues are important for degradation of crystalline cellulose and
processive reaction of CBH. Therefore, analysis of the reaction for the cellulose molecule

chain on the crystalline cellulose surface is needed to clarify the role of Trp40 residue.
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Fig. 3-5 Comparison of crystalline cellulose degradation activity
Red is produced glucose and green is cellobiose.
Substrate: 0.1% of high crystalline cellulose |4 from Cladophora sp.

Reaction condition: 0.5 uM enzyme was incubated with substrate for 2h in 50 mM NaAc pH 5.0 at 30°C
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3.1.4 Estimation of the role of Trp40 residue by molecular dynamics simulation
Quantification of activity for insoluble molecular chain of cellulose on the crystalline
cellulose surface is difficult, because the quantification of true-active enzyme in the
reaction mixture is impossible by using normal biochemical experiments. Difference
between crystalline cellulose and soluble oligosaccharides are the length of chains and
interactions between chains. The interactions between soluble oligo-saccharides are
weak, whereas the molecular chains of cellulose on an insoluble crystal are strongly
packed. This difference suggests that the flexibility of the chains on the crystalline surface
is lower than that of soluble oligo-saccharides. Accordingly, the role of Trp40 residue in
catching a less accessible chain ends can be evaluated. The effect of accessibility of the
cellulose chain ends to the substrate intake were estimated by the molecular dynamics
simulation.

Results of the simulation of WT and W40A are shown in Fig. 3-6 and Fig. 3-7. By
these simulations, the difference between WT and W40A was clarified. WT could keep and

intake the substrate from both subsites -7 and -5, but W40A released the chain end from

Subsite -7 start Subsite -5 start
Initial (O ns) Final (50 ns) Initial (O ns) Final (50 ns)

W40Acat b

Fig. 3-6 Results of molecular dynamics simulation of CD of WT and W40A
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subsite -7. These results imply that at least three glucosidic residues should be free from
the crystalline cellulose surface for the substrate intake without Trp40 residue. The
possibility of dissociation of three glucosidic residues is the cubic of dissociation possibility
of one glucosidic residue. Therefore, it is reasonable that the activity of W40A to crystalline
cellulose was smaller than WT.

As a result, it was revealed that both Trp40 and Trp38 residues are related to the
substrate intake of TrCel7A. Trp40 residue catches the reducing-end glucose ring of
cellulose chain on the crystal, and Trp38 keeps the chain and sends it into catalytic center
processively (Scheme 3-6). These two residues, which are located at the entrance of the
tunnel, are specially important for crystalline cellulose degradation, and it is reasonable
that they are only conserved among CBHs. In addition, it was suggested that both
residues increase the processivity of TrCel7A. This effect is also reported as one of the
factors, which increases the efficiency of crystalline cellulose degradation. But it is not

clearly known why the processive reaction is important for crystalline cellulose degradation.
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Fig. 3-7 Time course of distances between reducing chain end and catalytic residue
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Scheme 3-6 Estimated roles of CBH unique tryptophan residues
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3.2 Analysis of processive reaction of GH7 cellobiohydrolases

3.2.1 General characterization of GH7 CBHs from ascomycete and basidiomycete
The importance of processivity for crystalline cellulose degradation has been discussed
since the x-ray structures of CBH and EG were solved. But it is still unclear why
processivity is important for the crystalline cellulose degradation, because the
determination of processivity of cellulase is difficult. Recently the processive movement of
a single molecule of TrCel7A was directly observed by high-speed atomic force
microscopy (73). Therefore, comparison of the processive movements of CBHs from an
anamorph of ascomycete Trichoderma reesei (TrCel7A) and basidiomycete
Phanerochaete chrysosporium (PcCel7C and PcCel7D) may clarify the relationship
between the structure of loop regions and processivity. In addition, the combination of
single molecule analysis and biochemical measurement of activity for cellulosic substrate
may show the importance of processivity for crystalline cellulose degradation.

Before the HS-AFM observation, the general characters of GH7 CBHs from TrCel7A,
PcCel7C and PcCel7D were biochemically analyzed. Cellobiose inhibition constants to
PNPC hydrolysis were summarized in Table 3-4. The Ks value of PcCel7C was the highest,
and that of TrCel7A was the lowest. Then, purified enzymes were also incubated with
crystalline cellulose lq, Illi and amorphous cellulose (phosphoric acid swollen cellulose;
PASC), and the amounts of products were measured by a HPLC. The progress curves
were compared as shown in Fig. 3-8A to C. All enzymes mainly produced cellobiose, but
glucose was also detected in the products from all of the sbstrates. Additionally cellotriose
was produced from PASC. TrCel7A showed the highest activity for crystalline cellulose Iq
(1.5 yM/min at 15 min incubation and 0.7 yM/min at 120 min), and the second was
PcCel7D (1.0 uM/min at 15 min incubation and 0.4 yM/min at 120 min). The activity of
PcCel7C was apparently the worst among them (0.5 yM/min at 15 min incubation and 0.2

pM/min at 120 min). The rate of cellobiose production by TrCel7A from crystalline cellulose
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[l (17.4 pM/min at 15 min incubation and 10.5 yM/min at 120 min) was similar to that of

PcCel7D (16.8 yM/min at 15 min incubation and 9.7 yM/min at 120 min) at the all time

points. PcCel7C was lesser active to crystalline cellulose Ill; (9.8 yM/min at 15 min and 6.3
gM/min at 120 min). On the other hand, PcCel7C produced cellobiose faster than PcCel7D
and TrCel7A when PASC was used as a substrate. In PASC degradation, the production
rate of cellobiose at 15 min incubation by 2.0 uM PcCel7C was 34.8 yM/min, which is
almost 1.7 times faster than that of PcCel7D (20.4 yM/min) and 1.8 times faster than that
of TrCel7A (19.2 yM/min). The ratio between cellobiose and the sum of glucose and
cellotriose produced by TrCel7A from cellulose lo was 20.3, and cellulose Ill, was 34.8 at
60 min (Fig. 3-8 D to F). The ratio of PcCel7D from Iy was 17.2 and from IIl, was 33.3. The
values of PcCel7C from lo was 14.5 and from lll; was 29.9. In case of PASC degradation,
PcCel7D showed the highest value (17.5 at 60 min), and TrCel7A and PcCel7C showed

similar values (TrCel7A: 12.8 and PcCel7C: 13.5).
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Table 3-4 kinetic parameters for pNPCellobioside

Enzyme Kcat (Min-1) K (UM) Keat/Km (min-1uM-1)
PcCel7C 3.42 +0.04 491.2+22.2 6.96 x 103
PcCel7D 3.82 £0.07 965.4 +49.8 3.96 x 103
TrCel7A 0.418 £ 0.008 62.5+8.2 6.69 x 103

This figure is same as Figure 2 of the following paper.

Nakamura, A. et al. (2014) Trade-off between processivity and hydrolytic velocity

of cellobiohydrolases at the surface of crystalline cellulose. J. Am. Chem. Soc.

Fig. 3-8 Time course analysis of products amount and ratio of even/odd oligo-saccharides
from crystalline cellulose lq (A, D), crystalline cellulose Ill; (B, E) and PASC (C, F).

0.1% cellulose was incubated with 2.0 yM of enzymes in 50 mM NaAc buffer pH 5.0 at 30°C. Blue triangle:

TrCel7A, red square: PcCel7C and green circle: PcCel7D.
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3.2.2 High-speed AFM observation

TrCel7A, PcCel7C and PcCel7D molecules moving on the surface of crystalline cellulose
were observed by high-speed AFM (Fig. 3-9). These results mean that PcCel7C and D are
also processive cellulases as TrCel7A. As shown in Fig. 3-9, the moving speeds and
distances were different among them. To quantify the differences, the movements of
enzyme molecules were analyzed statistically. For the analysis, 176 molecules of
PcCel7C, 233 molecules of PcCel7D and 220 molecules of TrCel7A were used. Averaged
moving velocities of each molecule were measured and shown in Fig. 3-10. The
movement of TrCel7A molecules showed a gaussian distribution with center velocity of 6.8
+ 3.5 nm/sec. PcCel7D molecules also showed one distribution with the center value: 9.4 +
3.7 nm/sec. In contrast, PcCel7C showed one broad distribution with 14.7 + 9.1 nm/sec.
Examples of moving characters are also showed in Fig. 3-10 with each averaged velocity
drawn by line. All enzymes showed stopping states and moving states. Distribution of

slopes of PcCel7C was the largest among the three enzymes. The longest moving distance

\
I
\

This figure is same as Figure 3 of the following paper.
Nakamura, A. et al. (2014) Trade-off between processivity and hydrolytic velocity

of cellobiohydrolases at the surface of crystalline cellulose. J. Am. Chem. Soc.

Fig. 3-9 High-speed AFM observation images of three Cel7s.

Positions of each enzyme are marked by arrows. 0.55 yM of enzymes were observed in 50 mM NaAc buffer

pH 5.0 at 25°C. Frame rate of the observation was 0.2 frame/sec. Substrate was cellulose lll;.
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of TrCel7A was about 250 nm and that of PcCel7C and PcCel7D was about 120 nm.
When the adsorption time of enzyme molecules were analyzed, plots of the three CBHs
were all fitted to single exponential decay (Fig. 3-11). The dissociation rate constants (kof)
of TrCel7A and PcCel7D were 0.20 + 0.01 s7' and 0.32 + 0.04 s ' respectively. The kot of
PcCel7C (0.51 £ 0.01 s'1) was 2.5 times higher than that of TrCel7A.

In the AFM observation, only moving molecules with hydrolysis of cellulose chains on
the crystalline cellulose surfaces were observed. Therefore, these velocities means how
fast processive cycles (Scheme 3-7) were achieved, and the differences in catalytic

velocities are directly comparable without the effect of productive/nonproductive ratio of

I 1 .

This figure is same as Figure 4 of the following paper.
Nakamura, A. et al. (2014) Trade-off between processivity and hydrolytic velocity

of cellobiohydrolases at the surface of crystalline cellulose. J. Am. Chem. Soc.

Fig. 3-10 Averaged velocity histograms and examples of moving properties.

»

Averaged velocities were calculated from the moving-distances and moving-time of each molecule. Peak

velocities of each gaussian distribution were drown in the moving properties by a line.
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the enzymes in the reaction mixture. Among the three CBHs, the velocity of PcCel7C (14.7
+ 9.1 nm/sec) was highest and the value of TrCel7A was lowest (6.8 + 3.5 nm/sec).
Because the length of cellobiose is about one nm, these results mean that reaction steps
of TrCel7A in the processive cycles were slower than PcCel7C and D. When the structures
were compared among the three enzymes, only TrCel7A has loop3 region, which includes
the amino acids interact with the cellulose chain at the subsite -2 (Y247), +1 (T246, R251)
and +2 (R251) (84). By this difference, it is suggested that TrCel7A has stronger affinity to

the cellulose chain and the produced cellobiose, and products ejection and chain slide are

: .
This figure is same as Figure 5 of the following paper.

Nakamura, A. et al. (2014) Trade-off between processivity and hydrolytic velocity

of cellobiohydrolases at the surface of crystalline cellulose. J. Am. Chem. Soc.
. B

— - -

Fig. 3-11 Histograms of adsorption time.

Adsorption times were calculated from how many frames detected during the tracking of the molecules.
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Scheme 3-7 Steps in the processive cycle of GH7 CBH
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Table 3-5 Summary of AFM observation.

PcCel7C PcCel7D TrCel7A
Dissociation rate constant ko (s°7) 0.51 +0.01 0.32 £ 0.04 0.20 = 0.01
Half-life period (s) 1.4+0.0 22 +01 3.5+0.2
Averaged velocity Kvel (nm - s7) 14.7 £ 9.1 9.4 +3.7 6.8 +3.5
Half-life processivity* 19.9 20.3 23.6

*Half-life processivity = Averaged velocity (nm/s) x Half-life period (s) / cellobiose length (nm)

slower than for the other two enzymes. Especially, It was reported that the catalytic domain
of TrCel7A has more favorable binding free energy than that of PcCel7D (120). Although
there is a high overall degree of similarity between PcCel7C and PcCel7D, three amino
acids constructing loop regions of tunnel-like structure are different. They are located in
loop2 and loop4 covering the active-site tunnel. Gly193, Thr196, and His367 in PcCel7D
are replaced by Ser, Ala, and Tyr, respectively, in PcCel7C, and it has been predicted that
the changes at the loop2 (G193S and T196A) make the loop more flexible (76) .These
results suggest that higher flexibility of loop2 is related to the faster velocity of processive
reaction.

The second difference is the half-life time of adsorption. This value indicates how
long the molecules stay on the cellulose surface during the processive reaction. In the
AFM observation, only the adsorption by catalytic domain was observed, therefore the
distributions of three enzymes were fitted to a single exponential decay. The difference of
dissociation rate constants among the three enzymes also means that there is a difference
in the affinity to the cellulose chain among the three enzymes. Because TrCel7A has more
loops than PcCel7s, it is reasonable that TrCel7A has stronger affinity to cellulose chain. In
addition, these results imply the higher affinity of PcCel7D than PcCel7C, and the flexibility

of loop2 is related to the affinity to cellulose chain. Furthermore, half-life processivities of
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the three were calculated from averaged velocity and half-life time (Table 3-5). The
processivity of TrCel7A was the highest, and that of PcCel7D was little higher than
PcCel7C. This order in agreement with the biochemical estimation of proseccivity, and
shows that the length of tunnel-like structures of GH7 CBH reflect the value of processivity
as suggested formerly (103). But the values of parameters (kcat and korr) related to
processivity, are defined by the more detailed structure. The processivity obtained from the
ratio of cellobiose/glulose+cellotriose in biochemical experiment reflects the processivity
estimated from the HS-AFM observation, suggesting that the biochemical estimation is
effective to know rough value of processivity for CBHs. The values of processivity
determined by HS-AFM were a little smaller than the values determined by the former
biochemical studies (99,104,106). This difference may be caused because HS-AFM needs
to apply a force to the molecules for observation, and the substrates are different. Thus,
further studies are needed to determine the ‘true’ processivity.

The processive movement of CBHs from basidiomycete revealed that the regions of
loop2 and loop4 are important, but loop3 is not necessary for processive reaction of CBH
on crystalline cellulose. Comparing the three CBHs by the HS-AFM observation, PcCel7D
moves slower than PcCel7C, but adsorbs longer than PcCel7C. Further, TrCel7A moves
much slower than PcCel7D, but adsorbs much longer than PcCel7D. These results imply
that moving rate and adsorption time have a trade-off relationship. In other words,
hydrolysis rate and dissociation rate constants are in a proportional relation. Both product
ejection and chain sliding were estimated to be the rate limiting steps of processive
reaction, but the effect of chain slide in the catalytic tunnel should be larger, because
sliding needs the re-arrangements of enzyme-cellulose chain interaction along the all
subsites, and the energy barrier of it is lager than the other.

Direct comparison of the results from single molecule observation and biochemical

activity measurement is difficult, because biochemical results contain also other effects.
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For example, kon of the CD, kon and kot of the CBM must affect. But the comparison of
these results shows the importance of kcat, Kot and processivity for amorphous and
crystalline cellulose degradation, because if one parameter is more important than the
others, the tendency of hydrolysis rate determined by biochemical measurement should be
similar to the tendency of the parameter. In PASC hydrolysis, it is shown that the order of
hydrolysis activity seems to be the same order of moving-velocity and kor. This result
implies that the rate-limiting parameter of PASC degradation is Kcat Or koit. This hypothesis
is supported by the report of less processive mutant of chitinase, which hydrolyze chitosan
faster than wild type (121). In addition, because PASC has many reducing-ends, on which
the CD can bind, binding on CBM or CD may not be a rate limiting step. In case of
crystalline cellulose degradation, the tendency of activity is similar to that of processivity.
This result implies that the binding of the catalytic domain is the rate-limiting step of
crystalline cellulose degradation, because the processivity is not a single kinetic
parameter. In the other words, the processivity is just a balance of two kinetic parameters
(keat and koff) and indicates how many reactions will be catalyzed per a binding event of the
catalytic domain. This hypothesis is supported by the synergy between processive
enzymes and lytic polysaccharide monooxygenases, which make chain ends on the
surface of crystalline substrate (56). In addition, the activity of PcCel7D is close to the
activity of TrCel7A, not of PcCel7C when cellulose Il was substrate, but the activity of
TrCel7A to crystalline cellulose I was apparently higher than PcCel7D. These results also
imply that the importance of processivity to degradation of crystalline cellulose Il was
lower than that of cellulose lo, because cellulose llli has larger surface area and larger

number of available chain ends than lq.
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3.2.2 Validation of the processivity

It was experimentally shown that processivity defines the hydrolysis velocity of CBH on
crystalline cellulose, but the relationship between processivity and hydrolysis velocity has
not been theoretically explained. To clarify the importance of processivity for crystalline
cellulose hydrolysis, the equation of production velocity was derived from a simple reaction
model (Scheme 3-8). This model includes the adsorption/desorption by the CBD, chain
end intake by the CD, processive reaction and dissociation of the CD. In this equation, if
chain binding (kon) of the CD is enough faster than the dissociation rate constant (koff) of
CD, the production velocity correlates with just kcat. On the other hand, if kon of CD is
smaller than kot of CD, the production velocity correlates with processivity (Kcat/Koft), Kon Of
CD, and number of accessible chain ends. Unfortunately, the kon values of the three CDs
and the number of accessible chain ends of PASC and crystalline cellulose could not be
determined yet. But in the case of crystalline cellulose, chain ends are apparently lesser
accessible and number of chain ends per unit of mass or surface should be smaller than
the values of amorphous cellulose. Thus, when the kon of CD and the number of chain
ends on crystalline cellulose are smaller, it is reasonable that processivity is more
important for hydrolysis rate of crystalline cellulose than the hydrolysis rate of amorphous
cellulose.

The roles of unique tryptophan residues with CBHs are increasing kon of CD and
processivity. These two factors both contribute to the hydrolysis velocity of less accessible
cellulose. In addition, tunnel-like structure is also responsible to the processivity.
Therefore, it can be said that unique structures in CBHs increase the hydrolysis efficiency

to the less accessible crystalline cellulose.
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4. Conclusion
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In this thesis, the aim was to clarify the efficient hydrolysis activity of GH7 CBH to the
crystalline cellulose degradation focusing on the unique structure of CBHs. By the activity
comparison among WT and tryptophan mutants of TrCel7A, the importance of the
tryptophan residues uniquely conserved in CBHs for crystalline cellulose degradation was
shown. Because the molecular chains are strongly packed in the crystalline cellulose, the
chain ends are less accessible for cellulase. Therefore, the two tryptophan residues are
specially needed to catch and initiate the hydrolysis. The results of molecular dynamics
simulation showed that the tryptophan residue, which is located at the entrance of tunnel-
like structure (subsite -7), play an important role in the intake of less accessible chain ends
on crystalline cellulose surface. In addition, the results of cellotetraose hydrolysis indicate
that the tryptophan residue at the subsite -4 keeps and sends the chain into the active
center to start the processive hydrolysis of the molecular chain of cellulose.

Additionally, direct comparison of processive movements of the three different CBHs
from T. reesei and P. chrysosporium by HS-AFM showed that the longer tunnel-like
structure with more loop regions increases the processivity, but decreases the moving
velocity. Comparison of the results of single-molecule analysis and biochemical analysis of
enzyme activity for the crystalline and amorphous cellulose indicate that the enzyme with
higher processivity has higher activity for strongly packed crystalline cellulose, even
though the processive cycle is slow. This relationship between processivity andhydrolysis
velocity of crystalline cellulose is also due to the less accessible structure of the crystalline
cellulose. Because the probability of initiation of the processive reaction is very low, the
hydrolysis efficiency per the chain intake is strongly related to the velocity of the whole
cycle of crystalline cellulose degradation.

Therefore, based on all of the results in this thesis, it may be concluded that the
structure of GH7 CBHs are designed to improve the chain end intake by the unique

residues at the entrance of the tunnel and to increase the efficiency of hydrolysis per a
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chain intake event by the processive reaction with sacrificing the hydrolysis efficiency to
soluble or amorphous cellulose (Scheme 4-1). The unique structure of GH7 CBH seems to
be tuned for the crystalline cellulose degradation. This conclusion implies that GH7 CBHs
of filamentous fungi have been evolved to degrade the crystalline cellulose, which has
been evolved by plants to provide strength to the plant cell wall.

Furthermore, the tryptophan residues at the entrance of tunnel are conserved among
the CBHSs from both ascomycete and basidiomycete, but the balance between processivity
and velocity of processive cycle are different among them. The variety of CBH structures
and the differences of balance between crystalline cellulose degradation efficiency and
that of amorphous cellulose means the cellulose degradation strategy between
ascomycete and basidiomycete are different. This result implies that the targeted substrate
and kinds of other supporting enzymes are different between them. Therefore, efficiency of
CBH should depend on the targeting substrate and on the used enzyme cocktail, and the

possibility of improvement for the efficiency of biomass conversion was suggested.
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Scheme 4-1 Crystalline cellulose degradation mechanism by GH7 cellobiohydrolases
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