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Chapter 1. Introduction

We heavily depend on products derived from petroleum, generating concerns about global warming
and the depletion of fossil resources D The price of petroleum is highly instable over a decade 2 One
prediction showed that petroleum will deplete 50 years later without developing new petroleum fields which
includes political and technological problems . For sustainable development of human societies, we should
establish strategies to generate the products from renewable and environmentally-friendly materials instead of
petroleum.

In this concept, we should produce the products from inexpensive materials, because of the cheaper
price of the products from petroleum. One of the candidate materials is biomass, because of the renewability
and the abundant amount on the earth *. It is generated by photosynthesis using solar energy and carbon
dioxide. The utilization of cellulosic biomass does not contribute the increase of carbon oxide concentration in
the atmosphere, does not promote global warming. The conversion of biomass into the products, such as fuels,
plastics and other chemicals, is an attractive and feasible strategy, which is called as biorefinery.

We have consumed a large amount of petroleum as liquid fuels 3, Liquid fuels can be produced from
biomass, called biofuel. Ethanol, which can be mixed with gasoline, has been produced from corn flour in the
United States or cane sugar in Brazil. Diesel fuel has been mainly produced from vegetable oil in Europe.
Producing a high volume of these fuels from food has created a link between food and fuel prices. Instead of
using food, fuel production could come from more abundant and underused resources such as cellulosic
biomass .

Large number of companies has tried to produce liquid fuels from cellulosic biomass. But only a few
economic biofuel productions have been achieved by some companies, e.g. POET-DSM Advanced Biofuels,
E. I. du Pont de Nemours and Company, Abengoa Bioenergy, and Beta Renewables 9 1t seems difficult to
add value to biofuel: these companies have to make the fullest possible use of "economies of scale", founding
huge biofuel production plants and collecting a large amount of cellulosic biomass such as corn stover from
extensive cultivation fields to achieve economic biofuel production.

Japanese government had showed the plan to develop economic biofuel production in Japan. The
government said that we should decrease the cost of biofuel production more than three times to establish
economic biofuel production 9" To achieve the cost reduction, Research Association of Innovative

Bioethanol Technology was organized and tried to develop the way to decrease the cost of biofuel production.



However, it could not achieve the cost reduction, and it is disbanded in 2014. Strategic Energy Plan 2014
showed that the government positioned biofuel production from cellulosic biomass as less important in Japan
" In contrast to petroleum, the energy density of cellulosic biomass is quite low, the long-distance
transportation of cellulosic biomass is not economically favorable. In the project of Research Association of
Innovative Bioethanol Technology, a large amount of a cellulosic biomass, nepier grass, was cultivated in
Indonesia, and it was transported to Japan. To achieve economic biofuel production, we should collect
cellulosic biomass from regional area, and should develop the efficient conversion process of the cellulosic
biomass into biofuel.

For the efficient conversion of cellulosic biomass, we must first overcome the problems caused by
biomass recalcitrance . Because of that, conventional biofuel production processes should include
expensive and complicated steps. Cellulosic biomass is milled, chemically treated and enzymatically treated
to produce fermentable sugars. The sugars are converted to ethanol by yeast. The ethanol is distillated to
purify it. Japanese government estimated that the price of biofuel should be less than 40 Japanese yen to
replace petroleum oils such as gasoline. For efficient biomass degradation, the chemical pretreatment step is
necessary, however it costs ca. 40 yen 2 The price of lignocellulose-degrading enzyme solution has
decreased dramatically, however it is ca. 50 Japanese yen in 2012 '°. Distillation step also significantly
increase the cost of biofuel production B,

For the significant cost reduction, here I propose the simplified biofuel production process in which
cellulosic biomass is degraded and converted to liquid fuel simultaneously (Fig. 1 in chapter 4). In this
strategy, the soil bacteria, clostridia, which are strong cellulosic biomass degraders, are applied. Because the
clostridia do not require the expensive chemical pretreatment and the enzymatic solutions, it is expected that
the utilization of clostridia will decrease the cost of biofuel production 9,

For further efficient degradation of cellulosic biomass, the characterization of clostridia seems important.
The clostridia secrete multienzyme machines called cellulosome for the degradation of cellulosic biomass ™.
Cellulosomes are composed of numerous kinds of cellulases and related enzyme subunits, which are
assembled into the complex by virtue of a unique type of scaffolding subunit (Fig. 1 in chapter 2). The
scaffolding subunit is essential: the scaffolding unit deletion mutant of a clostridia can not form the
cellulosome, resulting the defect of the degradation ability of cellulosic biomass 1 The scaffolding subunit

contains a single carbohydrate-binding module (CBM), which exhibits recognition of, and strong binding to,

crystalline cellulose. It is reported that the CBM largely contributes to the cellulose degradation ability of



cellulosome .

Several investigators have shown that the binding of lignocellulose-degrading enzyme to the insoluble
substrates such as cellulose is a key step in cellulosic biomass degradation #20 Thus, any effort to develop a
kinetic framework for the enzymatic degradation of cellulose must identify and characterize the binding
mechanisms that lead to the formation of enzyme—substrate complexes on insoluble cellulose. Key processes,
such as adsorption and desorption, reversibility, exchange, and competition, can be determined from binding
isotherms and other measures of enzyme—substrate formation ) To understand the degradation mechanisms
of cellulosome, the binding feature of cellulosomal CBM is an important factor for resolving the binding
behavior observed with intact cellulosome. To date, the association constants have been determined for the
cellulosomal CBM from the cellulosomes of Clostridium thermocellum, Clostridium cellulolyticum,
Clostridium cellulovorans, and Clostridium acetobutylicum 22 These studies were performed with purified
crystalline cellulose, although cellulosic biomass includes various polysaccharides and morphologically
heterogeneous celluloses 2D Clostridium Josui also produces a cellulosome, but characterization of the
corresponding CBM has not been reported %2 To understand the degradation mechanisms of cellulosome,
the detail the binding features of the cellulosomal CBM from a clostridia, C. josui, to various components of
cellulosic biomass was characterized in chapter 2.

To improve the enzymatic activity of lignocellulose-degrading enzymes, random mutagenesis or
site-directed mutagenesis have been taken so far. But few researchers have reported examples of mutants
showing significantly higher cellulase activity toward insoluble substrates 0 Most of
lignocellulose-degrading enzymes from clostridia are generally composed of one or more catalytic modules
and one or more non-catalytic accessory modules, e.g. CBM. CBMs could enhance activity of the enzymes
by promoting binding of the catalytic module on the surface of target insoluble substrates™".

Cellulosic biomass is a recalcitrant material because of its complicated structure containing cellulose,
xylan and other polysaccharides ) CBMs are highly diverse modules that can be grouped into 71 families on
the basis of amino acid sequence similarities, and can discriminate the fine structure of polysaccharides in
cellulosic biomass 2. Thus, it is speculated that replacement of the original CBM in a cellulase with the other
CBM should switch its specificity for various polysaccharides. A family 11 CBM from C. thermocellum
Cel5SE preferentially binding to -1,4- and 8-1,3-1,4-mixed linkage glucans A cellulosomal family 3 CBM
from C. josui mainly binds to microcrystalline cellulose *. A family 6 CBM from Clostridium stercorarium

xylanase 11A binds to xylan * To provide new insights into the engineering of lignocellulose-degrading



enzyme, a lignocellulose-degrading enzyme CelSE from C. thermocellum was engineered with these
different CBMs and their activities are characterized in chapter 3. I propose the possibility that the
replacement of CBMs will be one of the ways to improve the degradation ability of lignocellulose-degrading
enzymes for cellulosic biomass (Fig. 6 in chapter 3).

The clostridia produces slight amount of ethanol, which is the most popular compounds as biofuel.
Because of their cellulosic biomass degradation and biofuel production ability, the utilization of the clostridia
open the possibility of the simplified biofuel production process, called consolidated bioprocessing. It is
suggested the consolidated bioprocessing could reduce the cost of biofuel production significantly ) In fact,
ethanol has not attractive feature as fuel, high energy consumption of distillation step to purify it, for example
13 We can collect insoluble fuel compounds, e.g. hydrocarbon, higher alcohol, fatty acid ethyl ester, without
distillation. The bacterial production pathway of such water-insoluble fuel compounds was reported, enabling
the challenge to engineer cellulolytic bacteria to produce the water-insoluble fuel compounds ) In chapter 4,
[ report the metabolic engineering of the clostridia, C. thermocellum, to produce higher alcohol from cellulose
in which the costly processes of the conventional biofuel production, the supplementation of

lignocellulose-degrading enzymes and distillation of fuel compounds, are eliminated (Fig. 1 in chapter 4).



Chapter 2. Characterization of a lignocellulose-degrading enzyme: binding characters of cellulosome from

Clostridium josui

2.1. Abstract

To understand the lignocellulose degradation activity of the lignocellulose-degrading enzyme complex
"cellulosome" from a cellulolytic bacterium Clostridium josui, a carbohydrate-binding module of the
scaffoldin (C;CBM3) was characterized. C;CBM3 shows the binding to crystalline cellulose, non-crystalline
cellulose and soluble polysaccharides. The binding isotherm of C;CBM3 to acid-swollen cellulose is best
fitted by the Langmuir two-site model, suggesting that there are two C;CBM3 binding sites on acid-swollen
cellulose with different affinities. The second site shows lower affinity and larger binding capacity, suggesting
that the cellulosome is directly targeted to the cellulose surface with high affinity, where larger amounts of the

cellulosome bind to cellulose with low affinity.



2.2. Introduction

Cellulosic biomass is essentially recalcitrant and insoluble. In biodegradation of the biomass, enzymes
hydrolyzing celluloses and other plant cell wall polysaccharides bind to the surface of these insoluble
materials "', Therefore, these enzymes often harbor carbohydrate-binding modules (CBMs) to facilitate
attachment to the surface of their substrates *". Currently, based on amino acid sequence similarities, 71
families of CBMs, including two missing families, are described in the latest update of the CAZy database
121)

Cellulosomes are multicellulolytic enzyme complexes that largely contribute to lignocellulose
degradation ability of cellulolytic bacteria, e.g. Clostridia 3% Cellulosomes contain a non-catalytic
scaffolding protein, or scaffoldin, consisting of multiple cohesin domains and at least one CBM. The
scaffoldin CBM belongs to family 3a and plays an important role in targeting the cellulosome to its substrate
(Fig. 1). To understand fully the functions of the cellulosome, characterization of this family 3a CBM is
needed. To date, the association constants have been determined for the scaffoldin CBM3 from the
cellulosomes of Clostridium thermocellum, Clostridium cellulolyticum, Clostridium cellulovorans, and
Clostridium acetobutylicum 25) These studies were performed with purified crystalline cellulose, although
cellulosic biomass includes various polysaccharides and morphologically heterogeneous celluloses 2621)
Clostridium josui also produces a cellulosome, but characterization of the corresponding CBM3 has not been
reported %) Tn this study, we report that a scaffoldin CBM3 from C. josui (CGCBM3) bind to wide range of
substrates, i.e. crystalline celluloses, a non-crystalline cellulose and soluble polysaccharides. Furthermore, we
show that C;CBM3 recognizes two different structures on acid-swollen cellulose, which is a morphologically

heterogeneous cellulose »)



2.3. Materials and Methods

2.3.1. Plasmid construction

The DNA fragments coding for G;GCBM3 and for a family 1 CBM from Cel7A of Trichoderma reesei
NBRC 31329 (Ti*CBM1) were amplified from genomic DNA of the respective organisms using the primer
pair listed in Table 1. The resulting products from polymerase chain reaction were ligated into pQE30 (Qiagen,
Hilden, Germany) or pRSET/CFP (Invitrogen, CA) %), respectively. Mutants of GGCBM3, GGCBM3-W119A,

and CJCBM3-Y66A/W119A, were constructed by site-directed mutagenesis o

2.3.2. Protein purification

The constructs were expressed in Escherichia coli IM109 or BL21(DE3) (TOYOBO, Kyoto, Japan).
Transformed E. coli cells were grown overnight at 37 °C in Luria—Bertani broth supplemented with 50
pg/mL  ampicillin. Once the cells reached an optical density of about 0.5 at 600 nm,
isopropyl-1-thio-B-D-galactopyranoside was added to a final concentration of 1 mM. Cells then were
collected by centrifugation at 6000 x g and disrupted by sonication. The expressed proteins in cell-free
extracts were purified using Ni-NTA agarose resin (Qiagen) according to the manufacturer’s instructions.
Purified proteins were dialyzed with 20 mM potassium phosphate buffer, pH 7.0, overnight at 4 °C. Dialyzed
proteins then were centrifuged at 18,000 x g for 2 min; supernatants were aliquoted and stored at -80°C. The
final protein preparations were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and protein concentration was determined by measuring absorbance at 280 nm. The molar
extinction coefficients for GGCBM3, W119A, Y66A/W119A, TrCBM1-cyan fluorescence protein (CFP), and
CFP (34410, 28860, 27520, 30760, and 24800 M'lcm'l, respectively) were predicted from the tryptophan,

tyrosine, and cysteine content of the proteins *".

2.3.3. Substrate preparation

Carboxymethyl cellulose (Sigma-Aldrich, St. Louis, MO, USA), xyloglucan (Megazyme, Wicklow,
Ireland), birch wood xylan (Fluka, Buchs, Switzerland), oat-spelt xylan (Fluka), chitin (Wako Pure Chemical,
Tokyo, Japan), methyl cellulose (Nacalai tesque, Kyoto, Japan), hydroxypropyl cellulose (Hercules
Incorporated, Wilmington, DE, USA), soluble starch (Merck KGaA, Darmstadt, Germany), f-glucan from

barley (Sigma-Aldrich), guar (Sigma-Aldrich), lichenan (Sigma-Aldrich), laminarin (Sigma-Aldrich), pectin



(Nacalai tesque), and highly crystalline cellulose from Halocynthia (Synaptech, Yamanashi, Japan) were used
as commercially available substrates. Mannan was kindly provided by Dr. Araki of Mie University, Japan.
Bacterial microcrystalline cellulose was prepared from cultures of Gluconacetobacter xylinus subsp. xylinus
(NBRC 13772) as described previously “ Ball-milled cellulose was prepared by ball mill processing of the
KC flock (Nippon Paper Chemicals, Tokyo, Japan) with distilled water for 72 h at 4 °C. Acid-swollen
cellulose was prepared by phosphoric acid treatment of Avicel (Funakoshi, Tokyo, Japan) *. Prepared

substrates were stored at 4 °C.

2.3.4. Macroarray assay

The CBM binding of various polysaccharides was detected by macroarray assay “a). Polysaccharides
were applied as 1 pL aliquots to untreated mixed nitrocellulose sheets (MF-Millipore membrane filters)
(Millipore, Billerica, MA, USA) in a 5-fold dilution series, yielding spots containing 0.32-1000 ng
polysaccharides on the membranes. Sheets were left to dry at room temperature for 30 min before blocking
for 1 h with 5% (w/v) skim milk protein in 5 x phosphate-buffered saline prepared from a 10 x stock solution
containing 1.36 M NaCl, 380 mM KCl, 80 mM Na,HPOy, and 15 mM KH,PO,, pH 7.2. The nitrocellulose
sheets were incubated with 1.25 pg/mL of the appropriate protein in 5 X phosphate-buffered saline at room
temperature for 1 h, extensively washed with 5 x phosphate buffered saline, and then incubated with a
5000-fold dilution of anti-His horseradish peroxidase conjugate (Qiagen) in 5 x phosphate-buffered saline.
After washing with distilled water, sheets were incubated in freshly prepared horseradish peroxidase substrate
(0.5% 3,3’-diaminobenzidine tetrahydrochloride, 0.005% H,0O,) to detect CBM binding. The reaction was

stopped by washing the nitrocellulose sheets with distilled water.

2.3.5. Affinity gel electrophoresis

The affinity of GGCBM3 for soluble polysaccharides was determined by affinity gel electrophoresis, as
described by Araki ef al. o). using xyloglucan, carboxymethyl cellulose, methyl cellulose, mannan, and guar
at a concentration of 0.1% (w/v) in a polyacrylamide gel. The electrophoresis was carried out for 30 min at
room temperature in native polyacrylamide gels containing 12% (w/v) acrylamide. Bovine serum albumin

was used as a nonbinding control protein.



2.3.6. Adsorption isotherm measurement

The binding characteristics of C;CBM3 to insoluble cellulose were determined by adsorption isotherm
measurements. All measurements were carried out at room temperature in 1.5 mL Sumilon Proteo-save SS
tubes (Sumitomo Bakelite, Tokyo, Japan) containing 1.2-12 uM CjCBM3 mixed with 17 pg acid-swollen
cellulose in 20 mM potassium phosphate buffer (pH 7.0) to a final aqueous volume of 0.3 mL. Each solution
was gently mixed and incubated at room temperature for 30 min to allow the adsorption system to equilibrate;
during the incubation, the solution was mixed after 15 min. The samples then were centrifuged at 25 °C and
18,000 x g for 2 min to remove protein-covered substrates. The samples then were centrifuged at 18,000 x g
for 1 min, and the clear supernatant was collected and used to determine the unbound protein concentration at
an absorbance of 280 nm. Each measurement was done in triplicate. Bound protein concentrations were
calculated using unbound protein concentration and total protein concentration. Langmuir adsorption
isotherms were drawn for each value and were evaluated using ORIGIN software (MicroCal, Northampton,
MA, USA)*.

Equation (1) is the Langmuir one-site model.

(pC] = FPClnu KalPl
1+ Ka[P] W

where [PC] is the concentration of bound protein (moles - g ce]lulose'l), [P] is the concentration of
unbound protein (molar), [PCJ is the total concentration of available binding sites (moles - g cellulose'l),
and Ka is the equilibrium association constant (liters - mol'l). Equation (2) is the Langmuir two-site model that

assumes heterogeneity, such that two independent classes of binding sites are present.

max

_ [PC, ], Kay[P] N [PC, ], Ka,[P]

[PC]
1+ Ka,[P] 1+ Ka,[P] )

where [PC |max is the total concentration of high-affinity binding sites characterized by the equilibrium
association constant Ka;, and [PC;] . is the total concentration of low-affinity binding sites characterized by

the equilibrium association constant Ka,.



2.4. Results

2.4.1. Preparation of recombinant protein solutions

G/CBM3, mutant proteins of GGCBM3, T#*CBM1-CFP, and CFP were prepared as described in the
Materials and Methods section. As 7HCBM1 was not retained in the soluble fraction, 77CBM1 was produced
as a fusion to cyan fluorescence protein (CFP), permitting successful purification. 77CBM1-CFP bound to
Avicel with an association constant (1.4 10° M'l) similar to values previously reported for the parent protein
w9 indicating that 7#*CBM1-CFP maintains the binding characteristics of 77CBM1. The final preparations
showed a single band on SDS-PAGE (Fig. 2). Circular dichroism spectra showed that the structure of

CjCBM3 was not affected by the amino acid substitutions (data not shown).

2.4.2. Affinity of CGCBM3 for various polysaccharides

The macroarray assay detected binding of various polysaccharides by 7CBM1-CFP and C;CBM3 “A)
(Fig. 3). Both CBMs are classified as type-A CBMs, meaning that these CBMs can bind to the surface of
crystalline cellulose*”. In fact, HCBM1-CFP exhibited binding only to bacterial microcrystalline cellulose
and ball-milled cellulose, polymers that have partly crystalline regions **. The fusion protein failed to show
binding to acid-swollen cellulose or soluble polysaccharides, suggesting that these polymer types do not
include crystalline regions permitting interaction with type-A CBMs. In control reactions, CFP did not exhibit
detectable binding to any of the tested polysaccharides (data not shown). In contrast, CGCBM3 showed
binding not only to bacterial microcrystalline cellulose and ball-milled cellulose, but also to acid-swollen
cellulose, methyl cellulose, xyloglucan, chitin, mannan, and guar. The bindings of C;CBM3 for soluble
polysaccharides were determine again by affinity gel electrophoresis. CGGCBM3 binding to xyloglucan and
methyl cellulose, but not to carboxymethyl cellulose, also was detected in aqueous conditions ) (Fig. 4).

By analogy to other CBM3s, the aromatic amino acids tyrosine 66 (Y66) and tryptophan 119 (W119)
of GGCBM3 are predicted to have a central role in binding to crystalline cellulose surfaces ) (Fig. 5 and 6).
Mutation of W119 alone or together with Y66 decreased the binding activities against crystalline cellulose
and soluble substrates, suggesting that the crystalline cellulose binding site was equal to the soluble substrate

binding site (Fig. 3).
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2.4.3. Adsorption isotherm analysis of C;CBM3 to cellulose

Because the morphology of cellulose is heterogeneous, the binding of GGCBM3 to cellulose may
include more than one type of binding event. To identify the distinct binding events, adsorption isotherm
analysis was performed. The adsorption isotherm of C;CBM3 to acid-swollen cellulose was fitted better by
the Langmuir two-binding-site model compared to a single-binding-site model, indicating that there are two
CjCBM3 binding sites on acid-swollen cellulose with different affinities (Fig. 7). At the first binding site, the
association constant was 4.1 - 10° M, a value comparable to those of other scaffoldin CBMs *** (Table 2).
An association constant could not be determined for the second binding site, indicating that the value was too
small to resolve by this model. This low-affinity binding is not negligible, because the total concentration of
low-affinity binding sites, [PC;]in.x, Was large (Table 2, Fig. 7). Given that higher ion intensity conditions are
known to inhibit hydrophilic interactions, we repeated the binding assay in the presence of 1 M sodium
chloride. Under high-salt conditions, the total concentration of high-affinity binding sites, [PC/]max, Was not
altered. On the other hand, the total concentration of low-affinity binding sites, [PCyJmax, Was drastically
decreased in the presence of 1 M NaCl, suggesting that hydrophilic interactions contribute to binding in the

second binding event (Table 2).
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2.5. Discussion

C/CBM3 and 7"CBMI are classified as type-A CBMs, which can bind to surface of crystalline
cellulose. Consistent with this classification, 7*CBM1-CFP exhibited binding to bacterial microcrystalline
cellulose and ball-milled cellulose, polymers known to include crystalline regions. However, C;CBM3
exhibited binding not only to bacterial microcrystalline cellulose and ball-milled cellulose but also to
non-crystalline acid-swollen cellulose and soluble polysaccharides (Fig. 3). Three-dimensional structures of C.
thermocellum CipA CBM3 and C. cellulolyticum CipC CBM3, proteins that have amino acid sequence
similarity with GGCBM3, reveal the presence of a flat surface involved in binding to crystalline cellulose
surfaces, and a groove located opposite to the flat surface 030 (Fig. 6). To determine whether this groove can
be a non-crystalline polysaccharide binding site in GGCBM3, W119A and Y66A/W119A mutants were
constructed ¥ (Fig. 5). Tyrosine 66 and tryptophan 119 were in the flat surface. If the groove were the binding
site of soluble substrates, these mutations would have no effect on affinity. However, both mutants exhibited
decreased binding activities against crystalline cellulose and soluble substrates, suggesting that GGCBM3
binds to the soluble substrates at the crystalline cellulose binding site (Fig. 3).

The binding of G;CBM3 to acid-swollen cellulose includes a low-affinity interaction with a large
number of binding sites (Table 2). Nonspecific binding between proteins and polysaccharides is not consistent
with the low-affinity binding, as demonstrated by the observation that bovine serum albumin does not show
significant binding (Fig. 7). On the other hand, the adsorption isotherm of G;CBMS3 to highly crystalline
cellulose from Halocynthia was clearly saturated, suggesting that the low affinity binding is the interaction
between CJCBM3 and heterologous structure of acid-swollen cellulose 2 (Fig. 7). Sugimoto et al. reported
the occurrence of a steric exclusion effect in Cel7A upon CBM1 binding of cellulose . These authors also
indicated that Hill’s equation provided a better fit for their assay’s binding isotherms ) In the present study,
the isotherm of C;CBM3 was better fitted by the Langmuir two-site model than by Hill’s equation. A similar
two-site binding phenomenon was reported for CBM2 from Cellulomonas fimi; however, the nature of this
low-affinity binding site on cellulose remains unclear *”. The low-affinity binding of CGCBM3 was not
observed in the presence of 1 M sodium chloride, suggesting that hydrophilic interactions contribute to the
binding in the second binding event of GGCBM3 (Table 2).

We conclude that CGCBM3 shows binding not only to crystalline cellulose but also to non-crystalline

cellulose and soluble polysaccharides through the crystalline cellulose binding site. The binding isotherm of

12



CjCBMS3 to acid-swollen cellulose was best fitted by the Langmuir two-site model. Hydrophilic interactions
appear to contribute to the binding events at the second site. Under physiological conditions, the second site
showed reduced affinity and increased binding capacity. These data indicate that the cellulosome is directly
targeted to the cellulose surface with high affinity, where larger amounts of the cellulosome bind to cellulose

with low affinity.
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2.6. Figures and tables

5955

Lignocellulose- @ Carbohydrate-binding
degrading enzyme module (CBM)

D Cohesin D Dockerin

Figure 1. A model of cellulosome structure from Clostridium josui

Cellulosome largely contribute to lignocellulose degradation ability of Clostridia. The bacteria produce
lignocellulose-degrading enzymes appended to dockerin modules, and a scaffold protein named scaffoldin
which includes carbohydrate-binding module and cohesin modules. Strong interactions between the cohesin
modules and the dockerin modules form multicellulolytic enzyme complex, cellulosome. The family 3

carbohydrate-binding module plays an important role in targeting the cellulosome to its substrate.
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Table 1. Primers used for the DNA constructs

Construct Primer Direction
GCBM3 5’-AAGGATCCGCAGCTGATACTGGCG-3’ Forward
5-AAGCTTTCAACCATTAGGTGTTGAACCA-3’ Reverse
TrICBM1-CFP 5“GGATCCCCTACCCAGTCTCACTACGG-3’ Forward
5“GAATTCGGGGGAGGTCAGGCACTGAGAGTAGTAAGG-3’  Reverse
GICBM3WI119A 5-AACGCTATGGATGTTACTTCAAAGGT-3' Forward
5“TGAAGTAACATCCATAGCGTTGTT-3' Reverse
GICBM3Y66A/W119A  5-GACGCTTCTAATTTTGATCAATCAAA-3' Forward
S“-TTGATCAAAATTAGAAGCGTCGTT-3' Reverse

Incorporated BamHI, Hindlll, and EcoRlI restriction sites are underlined.
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Figure 2. SDS-PAGE of C;CBM3, C;CBM3 mutants, 7/*CBM1-CFP, and CFP.
The gel was stained with Rapid Stain CBB Kit (Nakalai tesque). M, molecular weight marker
(Amersham™ LMW Calibration Kit; GE Healthcare, Buckinghamshire, UK). Lane 1, CGCBM3; lane 2,

GICBM3W119A; lane 3, GCBM3Y66A/W119A; lane 4, TCBM1-CFP; lane 5, CFP.
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Figure 3. CBM macroarray assays.

CBM macroarray assay of the binding of (1) GGCBM3, (2) "CBM1-CFP, (3) GGCBM3 W119A, and
(4) GCBM3 Y66A/W119A to dilution series of bacterial microcrystalline cellulose (lane a), ball-milled
cellulose (lane b), acid-swollen cellulose (lane c), carboxymethyl cellulose (lane d), xyloglucan (lane e),
birchwood xylan (lane f), oatspelt xylan (lane g), chitin (lane h), methyl cellulose (lane 1), hydroxypropyl
cellulose (lane j), soluble starch (lane k), B-glucan (lane 1), mannan (lane m), guar (lane n), lichenan (lane o),
laminarin (lane p), and pectin (lane q). Samples were applied to nitrocellulose in a dilution series yielding
amounts as indicated, then probed with 1.2 pg/mL of the respective protein. CFP did not exhibit binding to

any of the tested polysaccharides (data not shown).
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Figure 4. Affinity gel electrophoresis of CG;GCBM3.
The affinity of CCBM3 for soluble cellulose was analyzed by affinity gel electrophoresis in a gel
containing carboxymethyl cellulose (B), xyloglucan (C), methyl cellulose (D), guar (E), mannan (F), or no

added polysaccharide (A). M, bovine serum albumin; lane 1, G;GCBM3.
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Figure 5. Structure-based sequence alignment of selected CBMs from family 3 ~.

Regions of secondary structure are marked and labeled. Conserved residues are shown in bold type.
Conserved surface-exposed residues, which are not involved in the stabilization of loops of secondary
structure elements, cluster into different discrete regions, and have been color-coded as follows: yellow,
conserved surface residues which form a planar strip at the bottom of the CBM molecule; red, conserved

surface residues which form a shallow groove on the top of the CBM molecule; green, residues which
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interact with the calcium ion, where the non-conserved residue at position 123 interacts with the calcium via
its backbone carbonyl group. The CBMs shown in the figure are from the following proteins: CipA, the
scaffoldin subunit from C. josui (Swiss-Prot accession number 082830); CipB, the scaffoldin subunit from C.
thermocellum (Swiss-Prot accession number Q06851); CipC, the scaffoldin subunit of C. cellulolyticum
(GenBank accession number U40345); CbpA, the scaffoldin subunit from C. cellulovorans (Swiss-Prot
accession number P38058); CelZ, cellulase CelZ (Avicelase I) from C. stercorarium (Swiss-Prot accession
number P23659); CelB, cellobiohydrolase/endocellulase from Caldocellum saccharolyticum (Swiss-Prot
accession number P10474); CelA, endo-glucanase (cellulaseA) from Bacillus lautus (Swiss-Prot accession
number P29719); CelV, endo-glucanaseV from Erwinia carotovora (Swiss-Prot accession number S39962);

Egl2, endo-glucanase (cellulase Egl2) from B. subtilis (Swiss-Prot accession number A27198).
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Figure 6. The three dimensional structure of C:CBM3 0
[-sheet fragments appear as blue strips. The amino acids at the flat (bottom) or the groove (top) binding

sites are indicated in red. Tyrosine 66 and tryptophan 119 were in the flat surface in CBM3 from C. josui.
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Figure 7. Adsorption isotherms of CGCBM3 to celluloses.
The binding of C;CBMS3 to acid-swollen cellulose (®), of CGGCBM3 to crystalline cellulose from

Halocynthia (o), and of bovine serum albumin to acid-swollen cellulose (x) are presented. The vertical axis is
the concentration of bound CBM and the horizontal axis is the concentration of unbound CBM. The dashed

lines show curve fitting using the Langmuir one-site model; the solid line shows curve fitting using the

Langmuir two-sites model.
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Table 2. Binding parameters of C;CBM3 with acid-swollen cellulose

PC ]max -1 [PCZ]max -1
buff [PC, Ka, (M Ka,(M
et (umol/g cellulose) ar (M) (umol/g cellulose) a:(M7)
6.88 4.1x10° 5.3 x 10* 1.0 x 10"
20mM KPB
Om (0.70) (1.4 x10%) (1.4 x 10%) (2.5 x 10%)
20mM KPB 6.93 2.8x107 3.1 x10° 3.8x10°
+ 1M NaCl (0.41) (8.1 x 10%) (03 x 10°) (1.6 x 10%)

[PCliax is the total concentration of available binding sites, and Ka is the equilibrium association

constant. Standard errors are shown in parentheses. The parameters of the low-affinity binding, [PC,]maxand

Kay, could not be determined because the standard errors were too large. Note that the low-affinity binding

(demonstrated by the small magnitude of the association constant in 20 mM KPB) is not observed upon the

addition of 1 M NaCl.
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Chapter 3. Engineering of a lignocellulose-degrading enzyme: the replacement of carbohydrate-binding
modules switches the specificity of the activity of an endoglucanase CelSE from Clostridium

thermocellum

3.1. Abstract

Most cellulases contain carbohydrate-binding modules (CBMs) that largely contribute to their activity
for insoluble substrates. Clostridium thermocellum CelSE is an endoglucanase having xylanolytic activity.
The CelSE originally has a family 11 CBM preferentially binding to 8-1,4- and B-1,3-1,4-mixed linkage
glucans. In this study, we replaced the CBM with a different type of CBM, either a family 3 microcrystalline
cellulose-directed CBM from Clostridium josui scaffoldin, or a family 6 xylan-directed CBM from
Clostridium stercorarium xylanase 11A. Chimeric endoglucanases showed enhanced activity that was
affected by CBM binding specificity. These chimeric enzymes could efficiently degrade milled cellulosic
biomasses, such as com hull, because of heterologous components in the plant cell wall, indicating that

diverse CBMs play roles in degradation of lignocellulosic materials.
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3.2. Introduction

To ensure a reliable future source of energy and raw materials, the utilization of sustainable biomass has
considerable advantages over petroleum-based energy sources. Cellulosic biomass, obtained as agricultural
byproducts and industrial residues, is an abundant, inexpensive, and renewable source of sugars, and is a
desirable feedstock for the sustainable production of fuels and chemical products. Cellulose and hemicellulose
in cellulosic biomass can be degraded by microbial enzymes into oligosaccharides or monosaccharides,
which are fermentable to biofuels. However, this degradation step is a bottleneck in the process that is
preventing establishment of biofuel technology * To improve the efficiency of the degradation step, steps to
increase the enzymatic activity, for example by random mutagenesis or site-directed mutagenesis, have been
taken. But few researchers have reported examples of mutants showing significantly higher cellulase activity
toward insoluble substrates .

Lignocellulose-degrading enzymes are generally composed of one or more catalytic modules and one
or more non-catalytic accessory modules, e.g. a carbohydrate-binding module (CBM). CBMs enhance
activity of the enzymes by promoting binding of the catalytic module on the surface of target insoluble
substrates *”. Wang et al. reported that artificial Fervidobacterium nodosum Rt17-B1 Cel5As fused with
CBMs showed increased cellulase activity for microcrystalline cellulose )

Lignocellulose is a recalcitrant material because of its complicated structure containing cellulose, xylan
and other polysaccharides ) CBMs are highly diverse modules that can be grouped into 71 families on the
basis of amino acid sequence similarities, and can discriminate the fine structure of polysaccharides in plant
cell walls. Thus, it is speculated that replacement of the original CBM in a cellulase with another CBM should
switch its specificity for various polysaccharides.

An endoglucanase, CelSE, from Clostridium thermocellum CelH (CtCelSE) shows endoglucanase and
endoxylanase activities. A family 11 CBM (C/CBM11) is appended to the native C#CelSE *. Here, we show
that replacement of C«CBM11 by Clostridium josui CipA carbohydrate-binding module 3 or Clostridium

stercorarium xylanase 11A carbohydrate-binding module 6 changes the specificity of CzCelSE activity.
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3.3. Materials and Methods

3.3.1. Preparation of purified CtCelSE

The genes encoding CtCelSE and CtCelSE-CfCBMI11 were amplified from genomic DNA of
Clostridium thermocellum stain 132 and inserted into vector pQE30 (Qiagen, Hilden, Germany), yielding
pCtCelSE and pCtCelSE-C(CBMI11, respectively ) Genes for a family 3 CBM from Clostridium josui
CipA (GICBM3), and a family 6 CBM from Clostridium stercorarium xylanase 11A (CsCBM6) were also
amplified and connected downstream of the CiCelSE gene to generate CtCelSE-C;CBM3 and
CtCelSE-CsCBM6  sequences 339 (Fig. 1). These fusion genes were inserted in pQE30, yielding
pCtCel5SE-CjCBM3 and pCtCelSE-CsCBMB6, respectively. The primers used in this study are shown in Table
1. These plasmids were expressed in Escherichia coli IM109 and the expressed proteins were purified using a
Ni-NTA agarose resin according to the manufacturer's instructions (Qiagen). Purified proteins were dialyzed

against 50 mM potassium phosphate buffer (pH 7.0).

3.3.2. Enzymatic activity measurement

CtCel5Es (1.3 1 M) was mixed with either 1.5 % carboxymethyl cellulose (Sigma-Aldrich, St. Louis,
MO, USA), 0.5 % ball-milled cellulose, 1 % Avicel (Funakoshi, Tokyo, Japan), 0.5 % oat spelt xylan (Fluka,
Buchs, Switzerland) or 1% milled comn hulls. The reactions were carried out in 300 ¥ L of 50 mM potassium
phosphate buffer (pH 7.0) at 60 °C. The amounts of released reducing sugars were determined by the
dinitrosalicylic acid method *®. One unit of activity was defined as moles of glucose equivalents per ¥ mole of

enzyme per minute.

3.3.3. Binding analysis

CtCel5Es (1.3 ¥ M) was mixed with either 1.5 % carboxymethyl cellulose, 0.5 % ball-milled cellulose,
1 % Avicel, 0.5 % oat spelt xylan. The mixtures were incubated in 300 ¥ L of 50 mM potassium phosphate
buffer (pH 7.0) at 60 °C for 30 minutes. After the incubation, the mixtures were centrifuged and the
supernatants were applied to SDS-PAGE. The band sizes of CtCelSEs were quantified with ImageJ software

to determine the amount of CtCelSEs binding to the substrates after the incubation.
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3.3.4. Substrate preparations

Carboxymethyl cellulose (Sigma-Aldrich, St. Louis, MO, USA), microcrystalline cellulose (Funakoshi,
Tokyo, Japan) and oat-spelt xylan (Fluka, Buchs, Switzerland) were used as commercially available
substrates. Ball-milled cellulose was prepared by ball mill processing of 3 g of the KC flock (Nippon Paper
Chemicals, Tokyo, Japan) with 1 L of distilled water for 72 h at 4 °C. Cormn hull was kindly provided by Dr.
Khanok Ratanakhanokchai in King Mongkut's university of Technology Thonburi, Thailand. The com hull

was milled to a final particle size of 1 mm by knife milling,
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3.4. Results

3.4.1. Preparation of CtCel5Es

The genes encoding CtCelSE, CtCelSE-C/CBM11, CtCelSE-GICBM3 and CtCelSE-CsCBM6 were
expressed in E. coli IM109, and the resultant proteins were purified with Ni-NTA agarose resin. The purified
recombinant protein solutions appeared as a single band following sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (Fig. 2).

3.4.2. The enzymatic activities of C#CelSE for celluloses and a xylan

The relative activities of CtCelSE-CBMs against substrates are shown in Figure 3. The activities were
compared with that of C#CelSE. There was no significant difference in activity among CfCelSE-C:CBM11,
CtCelSE-CsCBM®6, CtCelSE catalytic module for carboxymethyl cellulose, indicating that these CBMs do
not affect enzymatic activity for this soluble substrate ) However, CtCelSE-CjCBM3 showed somewhat
lower activity, indicating microcrystalline cellulose-directed CBMs, such as family 1 CBM, affect catalytic
activity toward soluble substrates as described by Nozaki et al >".

For oat spelt xylan, CCelSE-C:CBM11 and CtCelSE-CsCBM6 showed 1.5 and 2.3 times higher
activities than CrCelSE. For ball-milled cellulose, the relative activities of CtCelSE-C:CBMI1,
CtCelSE-GGCBM3 and CtCelSE-CsCBM6 were 9.9, 2.9 and 5.3 times higher than that of CfCelSE. The
relative activities of CtCelSE-CfCBM11, CtCelSE-G/CBM3 and CtCelSE-CsCBM6 were 2.3, 3.1 and 1.3

times higher than that of CtCelSE for Avicel cellulose.

3.4.3. The binging amount of CfCelSEs to celluloses and a xylan

The binding amounts of CtCelSE-C{CBM11, CtCelSE-GiCBM3 and CfCelSE-CsCBMB6 to ball-milled
cellulose, Avicel cellulose or oat spelt xylan were analyzed with SDS-PAGE. The band of C#CelSE-C;CBM3
was not observed after the incubation with ball-milled cellulose, indicating that all of C/CelSE-C;CBM3
bound to ball-milled cellulose in the reaction condition (Fig. 4 and 5). C#CelSE-CsCBM6 bound to oat spelt
xylan, but CtCelSE-CCBM11 and CtCelSE-CjCBM3 did not. Only 7 % and 16 % of CtCelSE-C:CBM11
bound to Avicel cellulose and ball-milled cellulose, respectively. The binding amount of these CfCelSEs also

did not correlate with their catalytic activity for Avicel cellulose and ball-milled cellulose (Fig. 5).
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3.4.4. The enzymatic activities of C#CelSE for a cellulosic biomass, milled corn hull

Sixty-three pg of reducing sugars was released from 3 mg of milled corn hulls by the original enzyme,
CtCelSE-CfCBM11 after the reaction for 24 hours. In the case of the CBM-replaced enzymes
CtCelSE-CiCBM3 and CrCelSE-CsCBMBS6, 82 and 91 pg of reducing sugars were released from the milled
com hull for 24 hours, indicating that CBM replacements could enhance catalytic activity of the

endoglucanase for lignocellulosic materials (Fig. 6).
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3.5. Discussion

CBMs are highly diverse modules and can discriminate the fine structure of polysaccharides in
lignocellulose. Thus, it is speculated that replacement of the original CBM in a cellulase with another CBM
should switch its specificity for various polysaccharides. In this study, we replaced the CBM11 appended to
CtCel5SE with CBM3 from Clostridium josui scaffoldin, or CBM6 from Clostridium stercorarium Xylanase
11A.

There was no significant difference in activity among these CfCelSEs for carboxymethyl cellulose, in
contrast, CfCelSE-CfCBM11, CtCelSE-G;CBM3 and CfCelSE-CsCBM6 showed higher activities against
insoluble substrates (ball-milled cellulose, Avicel, and oat spelt xylan, respectively) than the catalytic domain
CtCelSE without any CBM (Fig. 3). CtCelSE-CfCBM 11 showed the highest activity for ball-milled cellulose.
CtCelSE-GGCBM3 and CtCelSE-CsCBM6 demonstrated higher activities than CfCelSE-C/CBM11 for
Avicel and oat spelt xylan, respectively, indicating that replacement of the CBM switches the specificity of the
catalytic module CtCelSE for insoluble substrates.

CBMs bind to insoluble polysaccharides and enhance the catalytic activity of their enzymes for
insoluble substrates *". It has been reported that CGCBMS3 is not able to bind oat spelt xylan, whereas
CCBMI1 and CsCBM6 do *™*®. The affinity of C<CBM11 and CsCBMS6 to oat spelt xylan is 1.7 x 10"
M" and 2.3 x 10° M, respectively 0960 This suggests that the quite low affinity of C:<CBM11, which
should cause low binding of CtCelSE-CfCBM11 to oat spelt xylan, confers a small increase in CtCelSE
activity (Fig. 5).

The CtCelSE-C:CBM11, CtCelSE-CjCBM3 and CtCelSE-CsCBM6 enzymes showed improvement
of CfCelSE activity for ball-milled cellulose and Avicel cellulose (Fig. 3). The CtCelSE-C:CBM11 and
CtCelSE-CsCBM6 showed higher activities than CfCelSE-C;CBM3 for ball-milled cellulose. It has also been
reported that CACBM11, GGCBM3 and CsCBM6 bind to insoluble cellulose substrates ****. Structural
studies have reported that each CBM shows a specific binding character due to its unique binding site
structure: family 3 CBM has a flat binding site that preferentially interacts with the surface of crystalline
cellulose *. On the other hand, C«CBM11 has a cleft structure that binds to cellulose, xylan, 3-1,3-1,4-glucan,
lichenan and glucomannan *. CsCBM6 also has a cleft structure that binds to cellulose and xylan *”. These
cleft structures can capture a cellulose chain in amorphous region of cellulose microfibrils. Ball milling of

cellulose leads to a considerable reduction in cellulose crystallinity, thus it converts crystalline cellulose into
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amorphous cellulose ) Therefore, we hypothesized that larger binding amounts of CCelSE-C:CBM11 and
CtCel5SE-CsCBMS6 to ball-milled cellulose lead to the higher activities. Unexpectedly, the binding amounts of
CtCelSE-CfCBM11 and CtCelSE-CsCBM6 were lower than that of CfCelSE-CjCBM3 (Fig. 4 and 5). The
binding amount of these C#CelSEs also did not correlate with their catalytic activity for Avicel cellulose (Fig.
5). The structural differences of CBMs should confer different recognition characteristics for the surface
structure of insoluble polysaccharides % CICBMII, CjCBM3 and CsCBM6 might carry CtCelSE to
different sites in ball-milled cellulose and Avicel cellulose; thus, fusion enzymes may result in different ratios
of improved CrCelSE activity (Fig. 3).

Lignocellulose is a recalcitrant material because of its complicated structure including cellulose, xylan
and other polysaccharides ) Because each CBM targets different structural sites in plant cell walls, the CBM
replacements may enhance the catalytic activity of C#CelSE in complex lignocellulosic materials, as was the
case in the improvement of activity toward Avicel cellulose and xylan. Inedible parts of comn are one of the
candidates as lignocellulose materials for biofuel production *. The amount of reducing sugars released from
milled com hulls by the CBM-replaced enzymes CtCelSE-C;CBM3 and CtCelSE-CsCBM6 were both
greater than the amount released by the original enzyme, CtCelSE-CCBM11 (Fig. 6). This result suggests
that CBM replacements could enhance catalytic activity of the endoglucanase for lignocellulosic materials
including various types of celluloses ©.

To improve the efficiency of lignocellulose degradation, attempts have been made to increase the
enzymatic activity, but only a few successful results have been reported. We showed that replacement of
CtCBM11 with GGCBM3 or CsCBM6 changed the specificity of CtCelSE activity. These CBM-replaced
chimeric Cel5Es showed increased activity for Avicel cellulose, xylan and a type of cellulosic biomass, milled
com hulls. CBMs having different substrate specificities focus the catalytic module on different sites of

cellulosic biomass and improve their catalytic activity toward polysaccharides in cellulosic biomass.
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3.6. Figures and tables

Clostridium thermocellum CelH

Cel5E CBM11

Clostridium josui CipA

Clostridium stercorarium XynA

CBM6

100 bp

4 Signal peptide Z Glycoside hydrolase Carbohydrate-bindnig module

% Dockerin

Cohesin Hydrophobic domain

Figure 1. Isolated cellulase and carbohydrate-binding module genes
CelSE from C. thermocellum CelH was used as a model enzyme. CBM11 from C. thermocellum CelH,
CBM3 from C. josui CipA and CBM6 from C. stercorarium XynA were also isolated and fused to the

C-terminal end of C1CelSE **%. Dotted lines show isolated region of the genes.
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name sequence (5' — 3")

CtCelHF GGATCCTCACCAAAGGCTGTCGACCC

CtCelHR1 AAGCTTTTAATATGTTCCGGGATTAAATAGTGC
CtCelHR2 AAGCTTTTAAGTAGCACCAATCAGCTTGATATT
CtCelHR3 GCATGCATATGTTCCGGGATTAAATAGTGC

CjCBM3F GCATGCGCAGCTGATACTGGCG

CjCBM3R AAGCTTTTATCAACCATTAGGTGTTGAACCATATACA
CsCBM6F GCATGCAGTTCACCAGTGCCTGCACC

CsCBM6R GGTACCTTACTTAAGTTCCTGATTT

Table 1. Primers used for the DNA constructs

Incorporated BamHL, Sphl, Kpnl and HindllI restriction sites are underlined.
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Figure 2. Purities of recombinant enzymes
M, molecular weight marker (LMW Electrophoresis Calibration Kit; GE Healthcare Life Sciences,
Buckinghamshire, UK); lane 1, CfCelSE; lane 2, CtCelSE-CjCBM3; lane 3, CtCelSE-CsCBMG6; lane 4,

CtCelSE-CfCBM1 1. The gel was stained with Rapid Stain CBB Kit (Nakalai Tesque, Kyoto, Japan).
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Figure 3. Relative activities of CzCelSE with and without CBMs

Enzymatic activities of CtCelSE, CtCelSE-CtCBM 11, CtCelSE-C/CBM3 and CtCelSE-CsCBM6 were
analyzed with (a) 1.5 % carboxymethyl cellulose, (b) 0.5 % oat spelt xylan, (c) 0.5 % ball-milled cellulose and
(d) 1 % Awvicel cellulose at 60 °C. The activities were compared with that of CzCelSE. Bars show standard

error. Each measurement was done in triplicate.
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Figure 4. The binding of C#CelSEs to the celluloses and xylans.

CtCelSE-GICBM3, CtCelSE-CsCBM6 and CrCelSE-CfCBM11 were incubated with ball-milled
cellulose (BMC), Avicel cellulose, oat spelt xylan or without substrate. After centrifugation of the incubated
mixtures, supernatants were applied to SDS-PAGE. The binding amounts of the CfCelSEs were determined

by the band sizes which were quantified with ImageJ software.
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Figure 5. Comparison of relative activities and binding ratio of C#Cel5Es for insoluble polysaccharides.

The amounts of CtCelSE-CfCBM11, CtCelSE-GGCBM3 and CrCelSE-CsCBM6 bound during
enzymatic activity measurements were quantified (Fig. 4). The amount bound and the relative activities for
oat spelt xylan (a, b), ball-milled cellulose (c, d) and Avicel cellulose (e, f) are represented. The activities were
compared with that of CfCelSE. Bars show standard error. Notice that the amount bound did not correlate

with activity.

37



100

80

60

reducing sugar (pg)

time (h)

Figure 6. Catalytic activities of CfCelSEs for milled corn hulls
Reducing sugar release of CfCelSE-CCBM11 (o), CtCelSE-C/CBM3 (o) and CfCelSE-CsCBMG6 (»)

from 3 mg milled com hulls were quantitated. Bars show standard error.
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Chapter 4. Engineering of a cellulolytic bacterium: higher alcohols production from cellulose by the

engineered Clostridium thermocellum

4.1. Abstract

Achieving economic biofuel production from cellulosic biomass will require significant cost reductions.
Enzymatic degradation of cellulosic biomass and distillation of water-soluble fuel compounds substantially
increase the cost of biofuel production. Consolidated bioprocessing is a strategy to circumvent expensive
biofuel production steps. Clostridium thermocellum is a promising bacterium for consolidated bioprocessing
because it does not require the supplementation of lignocellulose-degrading enzymes. To produce
water-insoluble fuel compounds, C. thermocellum was engineered to express a fatty acyl-ACP reductase and
an aldehyde-deformylating oxygenase from Synechococcus elongatus PCC 7942. Expression of the
aldehyde-deformylating oxygenase gene was clearly detected, whereas only slight expression of the fatty
acyl-ACP reductase gene was detected. Cells expressing the fatty acyl-ACP reductase and the
aldehyde-deformylating oxygenase accumulated fatty aldehydes (higher alcohol precursors). After cultivation
with cellulose, the higher alcohols, decanol and dodecanol, were detected in the organic solvent phase of the
culture broth, indicating that the strain secreted the higher alcohols. These results suggest that the engineered
C. thermocellum strain, expressing fatty acyl-ACP reductase and aldehyde-deformylating oxygenase genes,
directly produces and secretes higher alcohols from cellulose without the supplementation of cellulases. The

higher alcohols can be collected by phase separation.
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4.2. Introduction

Heavy dependence on products derived from petroleum has generated concerns about global warming
and the depletion of fossil resources ®. Biomass is a sustainable resource, and its utilization has been
described as carbon neutral because it does not contribute to global warming. Cellulosic biomass is a
particularly attractive candidate sustainable resource material because of its abundance .

Numerous studies have examined the use of cellulosic biomass in biorefinery processes for the
production of petroleum products, including fuel compounds. The development of economic processes for
biofuel production from cellulosic biomass will require significant cost reductions, however % Some
synthetic biology approaches for biofuel production have utilized microorganisms such as Escherichia coli
and Saccharomyces cerevisiae to produce fuel compounds from sugars o) Lignocellulose-degrading
enzymes are used to convert cellulosic biomass into fermentable sugars; however, the efficiency of the
enzymatic degradation process is low > (Fig. 1).

Simplified “consolidated bioprocessing” strategies have been reported, in which microorganisms
secrete enzymes for producing fermentable sugars from cellulosic biomass and simultaneously ferment them
into fuel compounds 77 The consolidated bioprocessing approach is promising because it eliminates the
need to add lignocellulose-degrading enzymes, which significantly increases the cost of biofuel production.
Lignocellulose-degrading enzymes such as cellulases can be expressed in engineered strains of E. coli or S.
cerevisiae, but their lignocellulose-degradation activity is low. The efficient production of
lignocellulose-degrading enzymes by non-cellulolytic microorganisms remains a challenging task 6

The clostridia are anaerobic soil bacteria, and some species can degrade cellulosic biomass without
chemical pretreatment or the addition of lignocellulose-degrading enzymes ) These microorganisms are
promising for use in consolidated bioprocessing applications because of their ability to degrade cellulosic
biomass and produce ethanol ***". Despite their high lignocellulose-degrading ability, only a few studies have
examined biofuel production using genetically engineered cellulolytic clostridia. Heterologous expression of
Zymomonas mobilis pyruvate decarboxylase and alcohol dehydrogenase in Clostridium cellulolyticum was
shown to result in increased ethanol production *. Another reports described a genetically engineered C.
cellulolyticum and Clostridium thermocellum strain that produces isobutanol from cellulose 559 Metabolic
engineering  studies indicated that co-cultivaion of C. thermocellum with engineered

Thermoanaerobacterium saccharolyticum leads to increased ethanol production B
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To collect water-soluble fuel compounds such as ethanol and butanol from culture broth, a distillation
step is required, which also significantly increases the cost of biofuel production 1356) (Fig. 1). Furthermore,
ethanol and butanol are toxic and repress growth of the microorganisms. To produce higher concentrations of
ethanol, researchers have attempted to enhance the ethanol tolerance of C. thermocellum ) In contrast to
these alcohols, water-insoluble compounds such as aliphatic hydrocarbons are less toxic to C. thermocellum
0 Additionally, due to their insolubility in water, it is expected that these compounds could be more easily
collected from the culture broth by phase separation n

It has been reported that the expression of just two enzyme genes, fatty acyl-acyl carrier protein (ACP)
reductase (ACR) and aldehyde-deformylating oxygenase (ADO), are sufficient to engineer E. coli strain to
produce higher alcohols and hydrocarbons B Ttis expected that introducing the genes encoding ACR and
ADO into C. thermocellum would enable the organism to produce higher alcohols and hydrocarbons.

Because wild type C. thermocellum can utilize cellulosic biomass, the engineered C. thermocellum
might be able to convert it into higher alcohols and hydrocarbons directly, without the supplementation of
cellulases . Additionally, the higher alcohols and hydrocarbons could potentially be collected without
distillation because these compounds are water-insoluble 391) (Fig. 1). To verify this hypothesis, in this study,
C. thermocellum was engineered with ACR and ADO genes to produce water-insoluble fuel compounds

from cellulose.
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4.3. Materials and Methods

4.3.1. Strains and growth conditions

Clostridium thermocellum DSM 1313 was anaerobically cultured in CTFUD medium containing 3 g/L.
of sodium citrate tribasic dehydrate, 1.3 g/L. of (NH4),SOys, 1.5 g/L of KH,POy4, 130 mg/L of CaCl, 2H,0, 500
mg/L of  -cysteine-HCI, 11.56 g/L of 3-morpholinopropanesulfonic acid, 2.6 g/L. of MgCl, 6H,0, 1 mg/L of
FeSO4 7TH,0, 4.5 g/L. of yeast extract, and 1 mg/L of resazurin (pH 7.0), with cellobiose or cellulose at 55 °C
? Transformed C. thermocellum cells were cultured in CTFUD medium supplemented with 24 pug/mL of
thiamphenicol. Escherichia coli JIM109 and BL21(DE3) (TOYOBO) were cultured in Luria broth

supplemented with 50 pg/mL of ampicillin or 20 pg/mL of chloramphenicol at 37 °C.

4.3.2. Plasmid construction

The plasmid pNW33N was obtained from the Bacillus Genetic Stock Center. Primers used in this study
are listed in Table 1. To remove the repeat region in pPNW33N, the DNA fragment was amplified by PCR
using primers 62 and 63 and then ligated. The resultant plasmid, designated pMU102, contained an origin of
replication that functions in C. thermocellum %299 The ACR genes from Synechococcus elongatus PCC 7492
(WP_011242364.1), C. acetobutilycum ATCC 824 (WP_010965585.1), C. cellulovorans ATCC 35296
(WP_010074197.1), and Thermosynechococcus elongatus BP-1 (NP_682102.1) and the ADO gene from S.
elongatus PCC 7492 (WP_011378104.1) were amplified by PCR using primers 35 and 36, 152 and 153, 156
and 157, 169 and 170, and 37 and 38, respectively >, The genomic DNA of . elongatus BP-1 was kindly
provided by Dr. Tabata of Kazusa DNA Research Institute, Japan. The resulting products were then ligated
into pMU102 (Fig. 2). The promoter region of the cellobiose phosphorylase gene and the terminator region of
the hypoxanthine phosphoribosyl transferase gene from C. thermocellum were amplified by PCR using
primers 102 and 103 and 104 and 105, respectively %) The resulting products were inserted upstream of the
ACR gene or downstream of the ADO gene, respectively. A ribosome-binding site and a histidine-tag
sequence from pQE30 (QIAGE) were amplified by PCR using primers 39 and 40 and 41 and 42, respectively.

The resulting products were inserted upstream of the ACR and ADO genes, respectively.
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4.3 3. Transformation of C. thermocellum

The plasmids for C. thermocellum transformation were extracted and purified from E. coli BL21 (DE3)
%), An aliquot (2 mL) of a C. thermocellum DSM 1313 stock culture was inoculated into 100 mL of CTFUD
medium with 0.5% cellobiose and cultivated at 55 °C without stirring until reaching an optical density at 600
nm (ODgy) of 0.8. A total of 50 mL of the culture broth was centrifuged in a 50-mL plastic centrifuge tube at
6,500 x g for 12 min at 4 °C. The supematant was discarded by decantation, with care taken not to disturb the
pellet. The pellet was washed three times with autoclaved pure water. The washed cells were suspended in
100 pL of autoclaved pure water. A total of 20 pL of cell suspension and 1 pg of plasmid were mixed in a
I-mm electroporation cuvette. A square electrical pulse was applied using a Gene Pulser Xcell
Electroporation System (Bio-Rad). The voltage and pulse length were 1500 V and 1.5 ms, respectively. The
pulsed cells were suspended in 5 mL of CTFUD medium with 0.5% cellobiose. The cells were incubated at
51 °C in a dry bath incubator for 18 h. A total of 100 uL of the recovered cell culture was plated onto CTFUD
solid medium containing 1% agarose and 6 pg/mL thiamphenicol. The cells were incubated at 55 °C for 3-5
days  The transformed cells were isolated and cultured in CTUFD medium with 0.5% cellobiose and 6
pug/mL of thiamphenicol. The culture broth was analyzed using PCR to confirm that the isolated

transformants harbored the appropriate plasmids.

4.3 4. Gene expression analysis

Expression of the ACR and ADO genes in transformed C. thermocellum strains was analyzed by
Western blotting. The transformed C. thermocellum strains were cultured in CTFUD with 24 pg/mL of
thiamphenicol at 55 °C % The cells were lysed and the proteins were resolved by SDS-PAGE and
electrotransferred onto PVDF membranes using a CompactBLOT apparatus (ATTO). ACR and ADO were
detected on the membranes using an anti-His-tag antibody conjugated with horseradish peroxidase

(QIAGEN) and ECL Western Blotting Detection Regents (GE Healthcare Life Sciences).

4.3.5. Fatty aldehyde composition analysis.

Transformed C. thermocellum was cultured in 25 mL of CTFUD medium. The cells were harvested
and washed three times with 1 mL of purified water. The cell pellets were placed on ice and then
vacuum-dried for 24 h at 25 °C, after which 1 mL of 3 M NaOH was added to the dried cells. The cell

suspension was heated at 90 °C for 1 h, cooled to room temperature, and then 2 mL of 3 M HCI was added
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and the suspension was reheated at 90 °C for 10 min. After cooling to room temperature, aliphatic compounds
were extracted three times with 1 mL of 1:1 (v/v) hexane/diethyl ether. The organic phase was dried at room
temperature, and the pellet was dissolved in methanol and analyzed using gas chromatography-mass
spectrometry (GC-MS) (Shimadzu) ®) The parameters for GC-MS were as follows: run time, 19.0 min;
column, DB5-MS (Agilent Technologies); injection volume, 1 pL; inlet, 300 °C splitless; carrier gas, helium;
flow, 1.3 mL/min; oven temp, hold at 100 °C, for 3 min, to 320 at 20 °C/min, hold at 320 °C for 5 min;
detector, GCMS-QP2010; detector temp, 200 °C; scan range, 50-550 m/z. The resulting peak data were

searched against the NIST electron impact fragmentation pattern library *>.

4.3.6. Preparation of purified SeADO

The ADO gene from S. elongatus PCC 7942 (WP_011378104.1) (SeADO) was amplified by PCR
using primers 98 and 99 and then ligated into pQE30 *>. The SeADO gene was then expressed in E. coli
JM109. Transformed E. coli cells were grown in Luria broth supplemented with 50 pg/mL of ampicillin.
Once the cells reached an ODgy, of approximately 0.5, isopropyl-1-thio-3-D-galactopyranoside was added to
a final concentration of 1 mM. Cells then were collected by centrifugation at 6,000 - g and disrupted by
sonication. The proteins present in the cell-free extract were purified using Ni-NTA agarose resin (Qiagen)
according to the manufacturer’s instructions. Purified proteins were dissolved in 100 mM HEPES buffer (pH

7.2) containing 0.1 M KCl and 10% glycerol. The purified solution was aliquotted and stored at —80 °C.

4.3.7. ADO assay

Extracts containing fatty aldehydes from C. thermocellum were mixed with 130 uM purified SeADO,
80 uM Fe(NHy)x(SO4), 10 uM spinach ferredoxin (Sigma-Aldrich), 1.8 uM spinach ferredoxin reductase
(Sigma-Aldrich), and 2 mM NADPH in 100 pL of 100 mM HEPES buffer (pH 7.2) containing 0.1 M KCl
and 10% glycerol. The reactions were incubated at 25 °C for 3 h, quenched by the addition of 100 pL of ethyl
acetate, and mixed using a vortex mixer to extract the hydrocarbon product and unreacted substrate. A 1-ulL
aliquot of the ethyl acetate layer was injected into the GC-MS instrument *®. The parameters for GC-MS

. 3
were as described above >,
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4.3.8. Production of fuel compounds by engineered C. thermocellum strains

Clostridium thermocellum strains harboring ACR and ADO genes were cultured anaerobically in 100
mL of CTFUD medium with 10 g of Avicel cellulose and 24 pg/mL of thiamphenicol at 55 °C for 3 days.
During cultivation, 200 pL of rapeseed oil was overlaid onto the medium. After cultivation, the oil was
collected and mixed with 100 pL of 2 M methanolic KOH at room temperature for 1 min *. The aliphatic
compounds in the organic phase were analyzed by GC-MS. The parameters for GC-MS were as described

above Y. Three independent experiments were conducted.

45



4.4. Results

4.4.1. Expression of ACR and ADO genes

The ACR and the ADO genes were amplified by PCR and ligated into pMU102 25)
Ribosome-binding site sequences and histidine-tag sequences were inserted upstream of the genes. The genes
were expressed using the promoter region of the cellobiose phosphorylase gene and the terminator region of
the hypoxanthine phosphoribosyl transferase gene from C. thermocellum ) (Fig. 2). The resulting plasmids
were used to transform C. thermocellum . Successful isolation of the transformants was confirmed by PCR
(Fig. 3). Each transformant was cultured in CTFUD medium with 24 pg/mL of thiamphenicol, and the levels
of ACR and ADO expression were analyzed by Western blotting. No specific band was detected in the strain
harboring pMU102. In the isolated transformants harboring SeACR and SeADO genes, SeADO expression
was clearly detected. In contrast, only slight expression of SeACR was detected (Fig. 4 and 5). ACRs from C.
acetobutilycum ATCC 824, C. cellulovorans ATCC 35296, and T elongatus BP-1 were also expressed
instead of SeACR; however, the expression levels of these ACRs were also low (Fig. 5). Some strains did not

express ACR or ADO, even if they harbored the appropriate plasmid (Fig. 3 and 5).

4.4.2. Production of fatty aldehydes in C. thermocellum cells

Clostridium thermocellum cells expressing SeACR and SeADO were collected, and aliphatic
compounds within the cells were extracted using a previously described procedure ®) The peaks exhibiting
>00% similarity to fatty aldehydes were detected (Fig. 6). Authentic standards of the detected fatty aldehydes
were not commercially available; therefore, the presence of fatty aldehydes in the cell extract was confirmed
by reacting the samples with purified SeADO, which converts fatty aldehydes to hydrocarbons . After
reacting SeADO with the extract of C. thermocellum cells expressing SeACR and SeADO, the intensity of
peaks exhibiting >90% similarity to fatty aldehydes decreased, and the hydrocarbon pentadecan was detected
in the reaction solution (Fig. 7). The presence of pentadecan in the reaction solution was also confirmed based
on the retention time of an authentic standard. These results indicate that C. thermocellum cells expressing

SeACR and SeADO contain fatty aldehydes.
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4.4.3. Production and secretion of water-insoluble fuel compounds from cellulose

Clostridium thermocellum expressing SeACR and SeADO was cultivated in 100 mL of CTFUD
medium with 100 g/LL of Avicel cellulose. Rapeseed oil was overlaid onto the medium to capture
water-insoluble fuel compounds produced by the bacteria. After cultivation, the oil was collected and
methanolyzed, and aliphatic compounds in the organic solvent were analyzed by GC-MS % We did observe
peaks exhibiting >90% similarity to higher alcohols (Fig. 8). Two higher alcohols, decanol and dodecanol,
were identified based on the retention time of authentic standards (Fig. 8). The amounts of decanol and

dodecanol detected in the organic solvent were 3.1 and 19.5 pg, respectively (Fig. 9).
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4.5. Discussion

The recalcitrance of cellulosic biomass is a significant barrier to biofuel production.
Lignocellulose-degrading enzymes must therefore be used to convert cellulosic biomass into fermentable
sugars; however, the efficiency of this process is low " Clostridium thermocellum is a promising
microorganism for biofuel production because it can degrade cellulosic biomass without chemical
pretreatment or the addition of lignocellulose-degrading enzymes ) (Fig. 1). It was reported that the
expression of S. elongatus PCC 7492 ACR and ADO in E. coli is sufficient to confer the ability to synthesize
higher alcohols and hydrocarbons 3 In this study, the genes encoding ACR and ADO were expressed in C.
thermocellum to produce water-insoluble fuel compounds from cellulose (Fig. 1).

SeADO was clearly expressed, whereas the level of SeACR expression was quite low (Fig. 4). To
achieve higher levels of ACR expression in C. thermocellum, other ACRs were examined. No gene
homologous to SeACR was identified in C. thermocellum. The ACR from C. acetobutilycum ATCC 824 was
also active in E. coli *. ACR genes from C. cellulovorans ATCC 35296 and T elongatus BP-1 are
homologues of the CaACR and SeACR genes, respectively. We have speculated that genes from other
clostridia could be expressed in C. thermocellum. Because T elongatus is a thermophile, it is possible that its
proteins could be expressed and would remain stable in C. thermocellum, which is cultivated under
thermophilic conditions ®) These ACRs, CaACR, CcACR and TeACR, were also expressed in C.
thermocellum instead of SeACR; however, the expression levels were low (Fig. 5). Achieving higher levels of
heterologous expression of ACR might be difficult, as it has been reported that E. coli also expresses ACRs at
low levels '*.

No higher alcohols and hydrocarbons were detected in the extracts of 5S-mL cultures of any of the
transformants after the addition of an equal amount of ethyl acetate, nor were any higher alcohols and
hydrocarbons detected in the methanol extracts of disrupted transformants **(data not shown).

Subsequently, in order to determine the production of higher alcohols and hydrocarbons, cells of the
strain expressing SeACR and SeADO were cultured in 50 mL of medium, collected, and then the aliphatic
compounds were extracted ¥ No higher alcohols and hydrocarbons were detected in the extract; however,
peaks exhibiting >90% similarity to fatty aldehydes were detected. After the extract was mixed with purified
SeADO, the hydrocarbon pentadecan was detected, indicating that cells expressing SeACR and SeADO

contained fatty aldehydes (Fig. 7). Fatty aldehydes are intermediates of the higher alcohol and hydrocarbon
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synthesis pathway " (Fig. 10). Thus, a strain expressing SeACR and SeADO would be expected to produce
higher alcohols and hydrocarbons; however, these compounds were not detected in these experiments.

Consequently, the strain was cultured with 10% Awvicel cellulose, and the presence of aliphatic
compounds contained in a small amount of oil overlaid onto the medium was assessed using GC-MS. In this
experiment, the higher alcohols decanol and dodecanol were successfully detected in the overlay oil, while no
hydrocarbons were detected (Fig. 9). As ADO reportedly requires molecular oxygen to function, the enzyme
may not have been active in C. thermocellum, which is cultivated under anaerobic conditions ''*,

Higher alcohols are commodity chemicals used in fuels, detergents, emollients, and food additives
103109 The ACR from S. elongatus catalyzes the production of fatty aldehydes rather than higher alcohols 100)
It was also reported that the combined deletion of 13 aldehyde reductases (ALRs) in E. coli (AdhE, YghD,
FucO, YiaY, EutG, GIldA, AdhP, YjgB, YahK, YghA, YbbO, DkgA, and BetA) results in a >90% reduction
in the production of higher alcohols and a significant increase in fatty aldehyde production, suggesting that
these ALRs are involved in higher alcohol synthesis 105) (Fig. 10). Clostridium thermocellum harbors genes
homologous to E. coli ALRs. An NCBI protein Blast similarity search revealed that a number of C.
thermocellum genes (Clo1313 2130, Clo1313 1827, Clo1313 0166, and Clo1313_1798) are homologous
to AdhE, YghD, FucO, YiaY, GIdA, and EutG (Table 2). The other genes, (Clo1313 1833 and
Clo1313 0076), (Clo1313 1283, Clo1313 0815, Clo1313 2272, Clo1313 0720), and (Clo1313_1992,
Clo1313 2081, Clo1313_1946) are similar to ALRs in E. coli (AdhP, Yjgb, YahK), (YghA, YbbO), and
DkgA, respectively. These results suggest that the ALRs might convert fatty aldehydes to higher alcohols in C.
thermocellum (Fig. 10).

The other significant barrier to biofuel production is the cost of distillation of water-soluble fuel
compounds 1356) (Fig. 1). To avoid this expensive step, C. thermocellum was engineered to produce
water-insoluble fuel compounds. However, as some oleaginous microorganisms accumulate lipids in the cell,
harvesting the cells and extracting the products also increases the cost of biofuel production 106100 Thus,
product secretion is an important factor, as secretion of water-insoluble fuel compounds allows for phase
separation to occur, facilitating recovery from the fermentation broth and alleviating potential toxicity issues
n Additionally, secretion of fuel compounds has the potential to relieve product-feedback inhibition, thus
increasing final concentrations %) n this study, the higher alcohols decanol and dodecanol were produced

and detected in the oil overlaid onto the culture broth, indicating that the engineered C. thermocellum strain

secreted water-insoluble fuel compounds (Fig. 9).
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In this study, C. thermocellum was engineered to produce water-insoluble fuel compounds from
cellulose. ACR and ADO genes were successfully expressed in the engineered strain. Fatty aldehydes, which
are higher alcohol precursors, were detected in cells of the C. thermocellum strain expressing SeACR and
SeADO. The C. thermocellum strain expressing SeACR and SeADO produced and secreted higher alcohols
from cellulose, without the addition of cellulases, suggesting that the strain directly converts cellulose into

water-insoluble fuel compounds that can be easily collected by phase separation (Fig. 1).
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4.6. Figures and tables

< A conventional strategy >

Enzymatic Fermentation by engineered

degradation E. colior S. cerevisiae Distillation
Cellulose >

Water-soluble fuel compounds
(e.g. ethanol or butanol)

v
4

< A proposed strategy in this study >

Degradation and fermentation

by engineered C. thermocellum Water-insoluble fuel compounds

Cellulose (e.g. higher alcohols)

v

Figure 1. Conventional and proposed strategies for biofuel production.

Conventional strategies include expensive steps, such as enzymatic degradation of cellulosic biomass
and distillation of water-soluble fuel compounds. In this study, a cellulolytic bacterium, Clostridium
thermocellum, was engineered to produce and secrete water-insoluble fuel compounds in order to circumvent

the costly steps in the conventional process.
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Primer Sequence (5'to 3')

35
36
37
38
39
40
41
42
62
64
98
99
102
103
104
105
120
152
153
156
157
169

170
171

ATTCCCGGGATTACCGGTATGTTCGGTCTTATCGGTCATCTC
ATTGGTACCATTGCGGCCGCTCAAATTGCCAATGCCAAGG
ATTGCGGCCGCATTAGATCTATGCCGCAGCTTGAAGC
ATTGGTACCATTGTTAACTCAAACGGCCGCAAGG
ATTCCCGGGATTGGGCCCAATTATAATAGATTCAATTGTGAGCGGA
ATTACCGGTGTGATGGTGATGGTGATGCG
ATTGCGGCCGCATTATGCATAATTATAATAGATTCAATTGTGAGCGGA
ATTAGATCTGTGATGGTGATGGTGATGCG
GAATTCGAGCTCGGTACCCG
TAATGAAGAAAGCAGACAAGTAAGCCT
ATTGGATCCATGCCGCAGCTTGAAGC
ATTAAGCTTTCAAACGGCCGCAAGG
TAAGCATGCGAGTCGTGACTAAGAACGTCAAAGTAA
TAAGGGCCCCTTTCGTCCTCCTTAAAATTTTCG
TAAGTTAACAAAATATACAAAGGTTTCTTGTGTTTTTAATAC
TAAGTCGACTTCAACTAGTTCCCTCCTCATTCTT
GGGGGCTACCCCAAAAACTT
ATTACCGGTATGAAGCTTGAATTTACATGTGGC
ATTGCGGCCGCTTAGATTTGTCTACTAACCAAAAATGTAAACTC
ATTACCGGTATGAAGAGCGAAACTGTTTGTGA
ATTGCGGCCGCTTATAGTTGTCTACTAACTACGTAAGTCATTTCC
ATTACCGGTATGTTTGGATTAATTGGTCATCTGAC

ATTGCGGCCGCTTACTGAGGATTCAACAGTAGTGGC
TGTTCGCCTTCAATCACGATC

Table 1. Primers used in this study.
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pMU102 { pACR-ADO

3569 bp = | = 6279 bp

Figure 2. Construction of the plasmid used for higher alcohol and hydrocarbon production.

The plasmid pMU102 was used as a vector (left). ACR and ADO genes were inserted into pMU102
(right). cbp pro: a promoter from the cellobiose phosphorylase gene of C. thermocellum. RBS His:
ribosome-binding sites and histidine-tag sequences from pQE30. ACR: fatty acyl-ACP reductase gene. ADO:
aldehyde-deformylating oxygenase gene. hpt ter: terminator from the hypoxanthine phosphoribosyl
transferase gene of C. thermocellum. eco_ori: replication origin function in E. coli. cth_ori: replication origin
function in C. thermocellum. repB: replication protein for the pMUI102 origin of replication. cat:

chloramphenicol acetyltransferase (provides resistance to chloramphenicol and thiamphenicol).
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Figure 3. Isolation of C. thermocellum transformed to express ACRs and ADO.

Isolated transformants were cultivated in CTFUD with cellobiose and thiamphenicol. The cultured cells
were used as samples for PCR. Portions of the plasmids and primers used in the experiments are illustrated in
each panel. The predicted sizes of amplified products are shown in parentheses. Wild-type strain DSM 1313

was used as a negative control. The plasmids used for transformation served as positive controls.
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Figure 4. Expression of SeACR and SeADO in C. thermocellum.

Cell lysates of each isolated transformant were analyzed by Western blotting to evaluate the expression
of SeACR and SeADO (a, b). The exposure time was longer in (b). Dotted and solid arrows indicate SeACR
and SeADO, respectively. The molecular weights of SeACR and SeADO are 38.9 and 27.9 kDa, respectively.

Numerals above the lanes indicate the strains isolated in this study (Fig. 3).
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pSeACR-SeADO pCaACR-SeADO
# 1.2 3 4 5 7 810 #1 2 4 5 7 8

pCcACR-SeADO p7eACR-SeADO
#2 3 45 6 # 1 2 3 4 7 8

Figure 5. Expression of SeACR, CaACR, CcACR, and 7eACR and SeADO in C. thermocellum.

Cell lysates of each transformant were analyzed by Western blotting to assess the expression of ACRs
and ADO. The expression of SeADO and SeACR, CaACR, CcACR, and 7eACR is shown. Numerals above
the lanes indicate the strains isolated in this study (Fig. 3). Dotted arrows indicate ACR expression. The
molecular weights of the expressed proteins are as follows: SeACR, 38.9 kDa; CaACR, 53.7 kDa; CcACR,

53.0kDa; TeACR, 40.0 kDa; SeADO, 27.9 kDa.
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Figure 6. GC-MS analysis of the cell extract of the strain expressing SeACR and SeADO.

The cell extract of the strain expressing SeACR and SeADO was analyzed by GC-MS (a). Analysis of
culture medium control without C. thermocellum is shown in (b). Fragmentation patterns and results of
similarity searches for compounds represented by peaks 1, 2, and 3 are shown in panels (c), (d), and (e),

respectively.
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Figure 7. Accumulation of fatty aldehydes in cells of the strain expressing SeACR and SeADO.

(a) Analysis of the cell extract of the strain expressing SeACR and SeADO without purified SeADO. (b)
Analysis of the cell extract of the strain expressing SeACR and SeADO with added purified SeADO. The
reaction solutions were analyzed by GC-MS. Analysis of an authentic pentadecan standard is shown in (c).

Peaks 1,2, and 3 exhibited >90% similarity to fatty aldehydes (Fig. 6). Asterisk indicates pentadecan peak.
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Figure 8. GC-MS analysis of compounds produced from Avicel cellulose by the strain expressing SeACR
and SeADO.

The strain expressing SeACR and SeADO was cultivated with Avicel cellulose. Aliphatic compounds in
the organic solvent phase of the culture broth were analyzed by GC-MS. Gas chromatograms of aliphatic
compounds of the strain harboring pMU102 and pSeACR-SeADO and authentic decanol and dodecanol
standards are shown in (a), (b), (c), and (d), respectively. Fragmentation patterns and the results of similarity

searches for the compounds represented by peaks 1, 2, and 3 are shown in panels (), (f), and (g), respectively.
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Figure 9. Production of higher alcohols from cellulose.
The strain expressing SeACR and SeADO was cultivated with Avicel cellulose. The higher alcohols

decanol (a) and dodecanol (b) contained in the organic solvent phase of the culture broth were quantified by

GC-MS. Three independent experiments were conducted. Bars show standard error.
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Figure 10. Higher alcohol and hydrocarbon production pathway.

ACR converts fatty acyl-ACP and fatty acyl-CoA into fatty aldehyde. ADO converts fatty aldehyde into
hydrocarbon. ALR converts fatty aldehyde into higher alcohol. The C. thermocellum strain engineered in this
study to express SeACR and SeADO produced higher alcohols. Our data suggest that ALRs in C.

thermocellum might convert fatty aldehydes into higher alcohols.
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ALRsin Putative ALRs in  Max Total Query
E.coli  C. thermocellum score score cover E value Identity Description
AdhE Clo1313_1798 1145 1145 96% 0 63% acetaldehyde dehydrogenase
Clo1313_1827 139 139 42% 3.0E-36 30% alcohol dehydrogenase
Clo1313_0166 132 132 31% 6.0E-34 30% alcohol dehydrogenase
Clo1313_2130 824 82.4 43% 1.0E-17 25% NADH-dependent butanol dehydrogenase
YghD Clo1313_2130 276 276 95% 9.0E-90 38% NADH-dependent butanol dehydrogenase
Clo1313_1827 118 118 91% 1.0E-30 28% alcohol dehydrogenase
Clo1313_0166  86.3 86.3 72% 9.0E-20 24% alcohol dehydrogenase
Clo1313_1798 61.2 61.2 92% 4.0E-11 23% acetaldehyde dehydrogenase
FucO Clo1313_1798 232 232 97% 4.0E-69 36% acetaldehyde dehydrogenase
Clo1313_0166 171 171 100%  1.0E-49 31% alcohol dehydrogenase
Clo1313_1827 164 164 96% 5.0E-47 32% alcohol dehydrogenase
Clo1313_2130 100 100 95% 1.0E-24 24% NADH-dependent butanol dehydrogenase
YiaY Clo1313_1798 227 227 94% 2.0E-67 38% acetaldehyde dehydrogenase
Clo1313_1827 191 191 98% 3.0E-57 32% alcohol dehydrogenase
Clo1313_0166 149 149 97% 1.0E-41 28% alcohol dehydrogenase
Clo1313_2130 108 108 89% 2.0E-27 25% NADH-dependent butanol dehydrogenase
EutG Clo1313_1798 221 221 87% 4.0E-65 36% acetaldehyde dehydrogenase
Clo1313_1827 172 172 93% 6.0E-50 31% alcohol dehydrogenase
Clo1313_0166 155 155 93% 7.0E-44 29% alcohol dehydrogenase
Clo1313_2130 80.5 80.5 82% 2.0E-17 22% NADH-dependent butanol dehydrogenase
GIdA Clo1313_1827 524 52.4 83% 2.0E-09 25% alcohol dehydrogenase
AdhP Clo1313_1833 108 108 90% 9.0E-28 29% alcohol dehydrogenase
Clo1313_0076  95.1 95.1 80% 3.0E-23 28% alcohol dehydrogenase GroES domain protein
YjgB Clo1313_1833 82 82 61% 1.0E-18 29% alcohol dehydrogenase
Clo1313_0076 54.3 543 92% 3.0E-09 24% alcohol dehydrogenase GroES domain protein
YahK Clo1313_1833  70.5 70.5 64% 1.0E-14 28% alcohol dehydrogenase
Clo1313_0076 60.8 60.8 76% 3.0E-11 27% alcohol dehydrogenase GroES domain protein
YghA Clo1313_0815 98.2 98.2 82% 7.0E-25 33% short-chain dehydrogenase
Clo1313_1283 97.8 97.8 83% 9.0E-25 29% 3-ketoacyl-ACP reductase
Clo1313_0720 58.9 58.9 76% 4.0E-11 28% enoyl-ACP reductase
Clo1313_2272  58.5 58.5 82% 5.0E-11 24% short-chain dehydrogenase
YbbO  Clo1313_1283  64.3 64.3 68% 3.0E-13 26% 3-ketoacyl-ACP reductase
Clo1313_0815  55.5 55.5 69% 6.0E-10 25% short-chain dehydrogenase
DkgA  Clo1313_1992 67.4 67.4 91% 8.0E-14 30% aldo/keto reductase
Clo1313_2081 58.2 58.2 60% 8.0E-11 25% aldo/keto reductase
Clo1313_1946 47.8 47.8 92% 2.0E-07 23% voltage-gated potassium channel
BetA -

Table 2. Putative aldehyde reductases in C. thermocellum.

Homologous E. coli aldehyde reductases genes in C. thermocellum were identified by NCBI protein

BLAST search. Genes showing an E value <1.0E-06 are listed. No gene homologous to BetA was identified.
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Chapter 5. Discussion

Biorefinery, the conversion of cellulosic biomass into the products, such as fuels, plastics and other
chemicals, is an attractive and feasible strategy to circumvent the energy and environmental concerns of
petroleum refinery. Biofuel production is one of the most important concepts in biorefinery, because we have
consumed a large amount of petroleum as liquid fuels 3, Only a few economic biofuel productions from
cellulosic biomass have been achieved so far. We need to innovate the way to reduce the cost of biofuel
production for further prevalence of biofuel.

Conventional biofuel production processes include expensive and complicated steps. Cellulosic
biomass is milled, chemically treated and enzymatically treated to produce fermentable sugars. The sugars are
converted to ethanol by yeast. The ethanol is distillated to purify it. Especially, the chemical pretreatment step,
the enzymatic degradation step, and distillation step increase the cost of biofuel production "

Cellulosic biomass is a highly recalcitrant material, the degradation of cellulosic biomass chemical
pretreatment and large amount of expensive lignocellulose-degrading enzyme solution. Clostridia are
anaerobic soil bacteria, and some species originally produce a set of lignocellulose-degrading enzymes, and
they can degrade cellulosic biomass without chemical pretreatment or the addition of
lignocellulose-degrading enzymes . Thus, utilization of clostridia opens the possibility for the significant
cost reduction of biofuel production with eliminating the chemical pretreatment and the supplementation of
lignocellulose-degrading enzymes.

The feasible way for the biofuel production with clostridia is the consolidated bioprocessing, in which a
cellulolytic bacterium degrades cellulosic biomass and produces fuel compounds, simultaneously. Because
the clostridia originally produces slight amount of ethanol, they are candidate bacteria for the consolidated
bioprocessing. It is suggested the consolidated bioprocessing could reduce the cost of biofuel production
significantly 13, Ethanol is not attractive feature as fuel, high energy consumption of distillation step to purify
it, for example. We can collect insoluble fuel compounds, e.g. hydrocarbon, higher alcohol, fatty acid ethyl
ester, without distillation. There are some oleaginous microorganisms accumulate such insoluble fuel
compounds in the cell, harvesting the cells and extracting the products also increase the cost of biofuel

106197 suggesting that product secretion is an important factor for the cost reduction. I reported in

production
chapter 3, C. thermocellum expressing an acyl-ACP reductase and an aldehyde-deformylating oxgenase

produced and secreted higher alcohols. This result suggesting the possibility that the engineered C.
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thermocellum can secrete these water-insoluble fuel compounds from cellulosic biomass without costly
process, the supplementation of lignocellulose-degrading enzyme solution and the distillation of fuel
compounds, however, the titer is quite low so far, 3.1 and 19.5 pg of decanol and dodecanol, respectively.

These compounds were synthesized via fatty acid synthesis pathway (Fig. 10 in chapter 3). In some
papers, the increased titers of the fatty acid derived fuel compounds in E. coli have been reported. Deletion of
the second gene of the B-oxidation pathway and overexpression of thioesterases produced 1.2 g/L of fatty
acids, which were directly converted into fatty alcohols (0.6 g/L) by overexpression of fatty acyl-CoA
reductases '®. A dynamic sensor-regulator system has been used to balance fatty acid pathway intermediates,
producing 1.5 g/L. of fatty acid ethyl esters 1oy Eliminating fatty acid breakdown via B-oxidation, while
overexpressing the rate-limiting acetyl-CoA carboxylase, the engineered E. coli produced 4.5 g/L. of fatty
acids """, The engineering with reversing B-oxidation allowed for production of 7 g/L of extracellular fatty
acids "™, These strategies might be applied for the engineering of the clostridia to increase the titers of fatty
acid derived fuel compounds such as higher alcohols.

As I mentioned above, the engineered strain of C. thermocellum successfully produced higher alcohols,
however the titers were quite low. Some investigators reported the examples of biofuel production from the
engineered clostridia. C. cellulyticum expressing pyruvate decarboxylase and alcohol dehydrogenase from Z.
mobilis produced 0.8 g/L of ethanol *. The other engineered strain of C. cellulolyticum produced 0.7 g/l of

83)

isobutanol . The similar engineering generated C. thermocellum strain producing 5.4 g/L. of isobutanol. In

the other study, a mutant strain of C. thermocellum produced 3.4 g/L. of ethanol by removing side product
formation ",

Recent progresses in metabolic engineering and synthetic biology generate the powerful Escherichia
coli strains for biorefinery. The engineered E. coli strains produced elevated titers of biofuel, e.g. 30 g/L
n-butanol, 51 g/L isobutanol, and 143 g/L isopropanol, from the fermentable sugars ""*'?. The results indicate
that the engineering for fuel compound productions in the cellulolytic bacteria needs the breakthroughs to
increase the titers.

Improvement of the efficiency of bacterial cellulosic biomass degradation is a subject of great interest.
The clostridia secrete cellulosome, which are multienzyme machines for the degradation of cellulosic
biomass. Scaffolding subunit of cellulosome is essential for the cellulosic biomass degradation ability, but

overexpression of the scaffolding subunit did not increase the cellulose degradation efficiency of Clostridium

thermocellum *". Clostridium cellulolyticum engineered with the heterologous expression of Cel9A from
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Clostridium phytofermentans degraded pure cellulose 1.5 times faster than wild type starin " The decrease
of pyruvate accumulation by heterologous expression of pyruvate decarboxylase and alcohol dehydrogenase
from Zymomonas mobilis also leaded to 150% increase of cellulose consumption in C. cellulolyticum 8
Cellulosome could degrade cellulosic biomass and mainly produce cellobiose. Cellobiose inhibits the
activity of cellulosome 1) Prawitwong et al. reported that supplementation of only one cellobiose-degrading
enzyme, B-glucosidase, increased the cellulose degradation ability of C. thermocellum, resulting complete
degradation of 10 % pure cellulose, suggesting that the cellobiose accumulation is one of the limiting factor in
cellulosic biomass degradation by clostridia. In this system, the most part of glucans in a cellulosic biomass,
alkaline-pretreated rice straw, was degraded, and approx. 8 % of fermentable sugars was produced. The
fermentable sugars can be converted to ethanol by yeast 20 This report suggested that the cultivation of C.
thermocellum supplemented with B-glucosidase could be applied for the fermentable sugar production for
biofuel production. In this thesis, I reported successful expression of foreign genes in C. thermocellum. 1t is
expected that further engineering of C. thermocellum, e.g. the expression and the secretion of B-glucosidase,
will decrease cost of cellulosic biomass degradation and fermentable sugar production. As I mentioned above,
the engineered E. coli strains produce higher titers of n-butanol, isobutanol, and isopropanol from fermentable
sugars. These engineering of bacterial production for fermentable sugar and fuel compound production will

be a feasible way to achieve economic biofuel production.
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Summary

For sustainable development of human societies, we should produce the products such as biofuel from
renewable and environmentally-friendly materials instead of petroleum. Cellulosic biomass is a candidate
material for the biofuel production. To achieve commercial biofuel production from cellulosic biomass, the
significant cost reduction is required. Here I proposed the biofuel production strategy in which a cellulolytic
bacterium degrades cellulosic biomass and produces fuel compounds, simultaneously.

Enzymatic degradation of cellulosic biomass is the costly process in the biofuel production. To
understand the detail feature of the enzymatic degradation of cellulosic biomass, one of the most powerful
lignocellulose-degrading enzyme produced from a cellulolytic bacterium was characterized. The
lignocellulose-degrading enzyme harbor a carbohydrate-binding module, which is used to determine the
binding character of the enzyme in this study. I report the binding characters at the molecular level: the
carbohydrate-binding module binds to various components of cellulosic biomass such as crystalline and
non-crystalline form of cellulose, and xyloglucan.

Few researchers have reported the examples of engineering of lignocellulose-degrading enzymes for
improvement of the degradation ability of cellulosic biomass so far. Here, I show that the engineered
lignocellulose-degrading enzyme with the replacement of carbohydrate-binding modules changed the
specificity of the activity. Additionally, I also showed that the engineered enzyme could efficiently degrade a
cellulosic biomass, milled corn hull, than the original enzyme, suggesting the possibility that the replacement
of carbohydrate-binding modules will be one of the ways to improve the degradation ability of
lignocellulose-degrading enzymes for cellulosic biomass.

Some cellulolytic bacteria produce water-soluble fuel compounds such as ethanol. To collect
water-soluble fuel compounds from the culture broth, a distillation step is required, which also significantly
increases the cost of biofuel production. In contrast to the water-soluble fuel compounds, it is expected that
water-insoluble compounds such as higher alcohols are more easily collected from the culture broth by phase
separation due to their insolubility in water. Here I report that the engineered cellulolytic bacterium produced
higher alcohols from cellulose in which the costly processes, the supplementation of lignocellulose-degrading
enzymes and distillation of fuel compounds, were eliminated.

These results in the characterization and the engineering of lignocellulose-degrading enzyme and

cellulolytic bacteria in this study will be basic information of process developments for the further cost

71



reduction of the biofuel production, resulting the establishment of economic biofuel production from

cellulosic biomass.
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