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SUMMARY

. Title : Development of saccharification enzymes for bioenergy production from agriculturalⅠ

byproducts

. Purpose and NeedsⅡ

<Purpose>

As a core technology for the conversion of some agricultural byproducts into a cellulosic

bioethanol, this projects developed industrial enzymes from insect resources as well as

environmentally friendly bio-process for the pre-treatment of the biomass.

<Needs>

- For the implementation of the Convention on Climate Change, we developed a technology for the

production of bio-energy and some saccharification enzymes for the development of environmentally

friendly processes.

- Development of appropriate technologies to utilize non-food agricultural by-products in the

domestic environment.

- To take advantage of 2nd-generation cellulosic biomass technology, it has been required to screen

some new enzyme resources for the saccharification of the biomass.

- A new bio-process involving enzyme technology to resolve the bio-recalcitrance (hard to

hydrolysis of cellulosic material).

. Research scope and contentsⅢ

<Saccharification enzymes from biodiversity>

- Consideration of habitat and feeding behavior, local indigenous resources including insects were

used.

- New family of cellulase/xylanase gene were screened out from the biodiversity resources using

DNA walking, nested PCR and specially designed PCR primer set which was based on the

N-termanal amino acid sequence information.

- Expression vector pET-28a(+) and on-column renaturation methods were introduced to make high

yield of expression and purification of the enzymes.

- Enzyme was purified sequencially on FPLC column chromatography (ion exchange, gel

permeation and Ni-His tag column).

<Expression and production>

- Shuttle vector system was applied to make industrial strain from Bacillus subtilis.

- (Joint research) Heterologous expression in Saccharomyces sp., or Pichia sp. to make

overexpression recombinants.

- Expression of exogenous gene in the form of multi-cassette chromosome using chromosome
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splitting technique

- (Joint research) Optimization of the enzyme production in bioreactor

<Pretreatment of agricultural by products and saccharification process>

- Pretreatment of corn stover and rice straw that was easily collectable in Korea.

- Simultaneous utilization of C5 and C6 sugar by the enzyme cocktail.

- Mass balance establishment for whole process of saccharification from biomass to bioethanol.

. ResultsⅣ

<Research excellence and difference>

- Insect and biodiversity originated enzyme work is a very specialized part in Korea. Insect

symbiotic microorganism and its enzyme gene is known to show high potency in the biomass

treatment. This study was focused on the development of a new bio-process in biomass

hydrolysis. The resulting process and enzymes will show great potential in 2nd-generation

bioenergy and related bio-industry.

<Representative performance>

- A new xylanase having new active enzyme domain that was produced from Cellulosimicrobium

strain HY-13 (Application Number : 10-2011-0146600) ; The gene (2,304-bp) encoding a novel

xylanolytic enzyme (XylK2) with a catalytic domain, which is 70% identical to that of

Cellulomonas flavigena DSM 20109 GH6 -1,4-cellobiohydrolase, was identified from anβ

earthworm (Eisenia fetida)-symbiotic bacterium, Cellulosimicrobium sp. strain HY-13. The

enzyme consisted of an N-terminal catalytic GH6-like domain, a fibronectin type 3 (Fn3)

domain, and a C-terminal carbohydrate-binding module 2 (CBM 2).

- A new alkali-tolerant GH family 10 xylanase from Mycobacterium strain HY-17 (Application

Number : 10-2013-0098776) ; The gene (1167-bp) encoding a novel glycoside hydrolase (GH),

which catalyzes the depolymerization of diverse -1,4-xylans, was identified from a Gryllotalpaβ

orientalis gut bacterium, Microbacterium trichothecenolyticum HY-17. The enzyme (XylH) was

made of a single catalytic domain, which is 74% identical to that of Isoptericola variabilis 225

GH10 endo- -1,4-xylanase that has not yet been characterized. The molecular mass and pI ofβ

XylH were predicted to be 41,584 Da and 4.84, respectively. When reacted with xylosic

substrates, the enzyme displayed the highest hydrolytic activity at 60oC and pH 9.0 and retained

over 75% of its maximum activity within a broad pH range of 5.0-10.0 for 1 h.

. Plan for IndustrializationⅤ

- Technology transfer to a Company specializing in enzyme (InsectBiotech Co. Ltd) to develop

industrial enzyme products.

- Development of multi-enzyme formulation.

- 7 -
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Table 1. Composition of feedstock biomass

Feedstock Cellulose (%) Hemicellulose (%) Lignin (%)

Corn stover 36.4 22.6 16.6

Rice straw 38.2 24.7 23.4

Wheat straw 34.2 24.5 23.4

Switchgrass 31.0 24.4 17.6

Poplar 49.9 20.4 18.1

: “Biomass Feedstock Resource and Composition. 105. Tayler and Francis (1996)

Fig. 3.

Hemicellolosic biomass○

. , 30~50%

C6(hexose) 20~25% C5(pentose) cellulase, glucosidase,

xylanase, xylosidase

, hemicellolase○

- 13 -
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2.

2010 5.8 carbohydrolase

36.6% (Freedonia Group. Inc., 2011)

carbohydrolase 2010 1.7 Biofuel 4,850

2000 2020 8,700

2 ,

Novozymes

Table 2. World enzyme demand

(The Freedonia Group. Inc., 2011)

Table 3. World carbohydrolase demand

(The Freedonia Group. Inc., 2011)

2. 2

Novozymes cellulosic bioethanol

2006 Cellucalst, Novozyme 188 , feedstock

biomass Cellic

2009 pilot scale Cellic cellulose biomass CTec

hemicellulose biomass HTec . 3 Cellic

- 15 -

CTec3, HTec3 2013 Fiberight

Greenfield , Sinopec COFCO

Fig. 5. The path Novozymes to production of cellulosic bioenergy
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3

1.

. Cellulosimicrobium sp. HY-13 endo-xylanase

(Eisenia fetida)

0.3% Azo-xylan, 0.3% Azo-mannan

R2A agar (Scharlau Chemie S.A.) 2

5 48 h (Fig℃

5).

, genomic DNA

PCR primer library PCR DNA sequence

. gene bank hemicellulase gene

.

16S rDNA Cellulosimicrobium

, xylan mannan .

.

Eisenia fetida HY-13 xylanase XylK2

XylK1 upstream region DNA walking nested

PCR , XylK2 Fig. 30 .

XylK2 protein blast survey N-terminus region GH6-like

domain Fn3 domain C-terminus region CBM 2 domain modular enzyme

, 2304-bp XylK2 gene . ,

XylK2 767 , 79,611

Da 4.37 pI . XylK2

XylK2 catalytic domain Cellulomonas flavigena DSM 20109 -1,4-cellobiohydrolaseβ

catalytic domain 70% ,

Cellulomonas fimi GH6 exo- -1,4-cellobiohydrolase (AAC36898)β

. , XylK2 catalytic domain

inverting GH6 enzymes

GH6-like domain ,

XylK2 retaining

xylanase GH6 family

(Fig. 6).

- 23 -

Fig. 6. Alignment of the deduced amino acid sequence of -1,4-xylanase fromβ Cellulosi-

microbium sp. strain HY-13 with those of other structurally related GH6 enzymes.

XylK2 catalytic domain GH6-like domain

E. coli pET-28a(+) vector , XylK2△

Fn3-CBM 2 HisTrapTM HP on-column refolding HiPrepTM 16/10
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DEAE FF . XylK2 Fn3-CBM 2 SDS-PAGE△

44.7 kDa (Fig. 7), pH 6.0 45 ,℃

pH 5-9 , 45 1 h 60%℃

(Fig. 8).

Fig. 7. SDS-PAGE of the purified XylK2 Fn3-CBM 2. Lane S, standard marker proteins; lane∆

1, proteins from inclusion bodies; lane 2, purified recombinant enzyme.

Fig. 8. Effects of pH (a) and temperature (b) on the -1,4-xylanase activity of XylK2 Fn3-β ∆

CBM 2 and effects of pH (c) and temperature (d) on the stability of XylK2 Fn3-CBM 2.∆

- 25 -

HPLC XylK2 Fn3-CBM 2 cellooligosaccharides∆

, xylotriose (X3), xylotetraose (X4), birchwood xylan

(Fig. 4). birchwood xylan XylK2 Fn3-CBM 2∆

X2 (59.2%) X3 (40.8%) , X3 X4 X2 (33.6%) + X3
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DEAE FF . XylK2 Fn3-CBM 2 SDS-PAGE△

44.7 kDa (Fig. 7), pH 6.0 45 ,℃

pH 5-9 , 45 1 h 60%℃

(Fig. 8).

Fig. 7. SDS-PAGE of the purified XylK2 Fn3-CBM 2. Lane S, standard marker proteins; lane∆

1, proteins from inclusion bodies; lane 2, purified recombinant enzyme.

Fig. 8. Effects of pH (a) and temperature (b) on the -1,4-xylanase activity of XylK2 Fn3-β ∆

CBM 2 and effects of pH (c) and temperature (d) on the stability of XylK2 Fn3-CBM 2.∆
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XylK2 Fn3-CBM 2 xylan polysaccharides oat spelt xylan∆

(109.2 IU/mg) , PNP-cellobioside (788.3

IU/mg) (Table 4). glucose-based polysaccharides, PNP-glucopyranoside, PNP-

xylopyranoside, PNP-mannopyranoside, cellooligosaccharides

endo- -1,4-xylanase .β

Table 4. Hydrolysis activity of XylK2 Fn3-CBM 2 for different substrates∆

Substrate Specific activity (IU mg-1)

Birchwood xylan 100.0 ± 1.2

Beechwood xylan 90.8 ± 1.7

Oat spelt xylan 109.2 ± 2.3

Soluble starch ND b

Carboxymethylcellulose ND

PNP-cellobioside 788.3 ± 9.8

PNP-glucopyranoside ND

PNP-xylopyranoside ND

PNP-mannopyranoside ND

. Cellulosimicrobium sp. HY-13 endo-mannanase

HY-13 endo- -1,4-mannanase(ManK) GH5 family encodingβ

ManH GH5 family conserved VDAPNW GWSWSGN

PCR primers (upstream primer: 5’-GTCGACGCSCCGAACTGG-3’; downstream

primer: 5’-GTTGCCCGACCACGACCAGC-3’ genomic walking nested PCR

, Fig. 6 . , ManK

1,272-bp , 423 4.61 pI

43.7 kDa encoding .

Protein blast survey ManK GH5 catalytic domain C- 2

CBM 10 domains , GH5 domain Micromonospora sp.

ATCC 39149 -1,4-mannosidase GH5 domain 65%β

(Fig. 10).

- 27 -

Fig. 10. Nucleotide sequence of the gene encoding ManK and the alignment of the deduced

amino acid sequence of ManK with those of other GH5 families.
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xylanase

HY-13 mannanase .

HY-13 locust bean gum (LBG) endo- -1,4-mannanase (ManK)β

ammonium sulfate precipitation (80% saturation), anion exchange chromatography, gel

permeation chromatography , . ManK

36 kDa (activity staining)

LBG (Fig. 11). ManK pH 7.0 ,

pH 6.0-9.0 . 50 ManK℃

LBG , 50 half life 1 h (Fig. 12,℃

13). Xylanase ManK Hg2+ bromosuccinimide 100%

divalent cations, sulfydryl reagents, metal chelating agent, non-ionic

detergents .

Fig. 11. SDS-PAGE of the purified ManK. Lane S, standard marker proteins; lane 1, proteins

after 80% ammonium sulfate precipitation; lane 2, concentrated proteins after anion exchange

chromatography on HiPrep
TM

16/10 DEAE FF; lane 3, concentrated proteins after gel permeation

chromatography on HiLoad
TM

26/60 Superdex
TM

200pg; lane4, activity staining of the purified

ManK with Congo red.

- 29 -

Fig. 12. Effects of pH on the catalytic activity (a) and the stability (b) of ManK.
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Fig. 12. Effects of pH on the catalytic activity (a) and the stability (b) of ManK.
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Fig. 13. Effects of temperature on the catalytic activity (a) and the stability (b) of ManK.

ManK Table 6

carbohydrolase , LBG 7,100 IU/mg

.

.

ManK Avicel, lignin, PHB, -cyclodextrin, ivory nut mannanβ

, chitin, chitosan, -1,3-glucan, insoluble oat spelt xylanβ

(Table 6).

ManK

- 31 -

. TLC ManK LBG, mannotetraose (M4), mannopentaose (M5)

M2 M3 .(Fig. 10)

LBG ManK M2 M4 , M4 M5

ManK M2, M3, M4 M2, M3, M4, M5 .

Table 5. Effects of metal ions (1 mM) and chemical reagents (5 mM) on ManK activity

Compound Relative activity (%)

None 100

HgCl2 0

CaCl2 107.6

NiSO4 107.5

CuCl2 98.1

ZnSO4 107.9

MgSO4 99.1

MnCl2 108.4

SnCl2 106.8

BaCl2 99.7

CoCl2 108.6

FeSO4 110.8

N-Bromosuccinimide 0

Iodoacetamide 98.5

Sodium azide 103.1

N-Ethylmaleimide 101.8

EDTA 95.9

Tween 80 (0.5%) 105.1

Triton X-100 (0.5%) 109.4

Table 6. Hydrolysis activity of ManK for different substrates

Substrate Specific activity (IU/mg)

Locust bean gum 7,109±54

Guar gum 5,158±23

Pectin ND

Birchwood xylan ND

Soluble starch ND

Carboxymethylcellulose ND

PNP-cellobioside ND

PNP-glucopyranoside ND

PNP-xylopyranoside ND

PNP-mannopyranoside ND
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Table 7. Binding of ManK to insoluble materials

Substrate
Residual ManK activity after binding

(total IU)

Control 0.50

Avicel 0.01≤

Chitin 0.48±0.03

Chitosan 0.49±0.02

β-Cyclodextrin 0.02≤

β-1,3-Glucan 0.45±0.03

Insoluble oat spelt xylan 0.48±0.03

Insoluble ivory nut mannan 0.05±0.02

Lignin 0.01≤

PHB granules 0.01≤

Fig. 14. TLC analysis of hydrolysis products of mannooligosaccharides and LBG by ManK.

. Micobacterium sp. HY-17 endo-xylanase

, M9 mineral salts agar medium(Difco)

, 5 g/L yeast extract (Difco) 2 g/L azo-xylan (Megazyme)

. (serial dilution method)

, 100 , 25~35 18~36㎕ ℃

. azo-xylan

(colony) . 27F

(5`-AGACTTTGATCMTGGCTCAG-3`) 1492R (5`-AAGTCGTAACAAGGTAACC

- 33 -

-3`) 16S rDNA PCR . PCR 16S rDNA

ABI prism BigDye Terminator Cylcle Sequencing Ready Reaction kit ABI 3730x1

DNA analyzer(Applied Biosystems) . 16S rDNA

NCBI (Blast) EzTaxon

(Genebank) . 16S rDNA

(Micobacterium sp.) ,

(Micobacterium sp.) HY-17

.

(Micobacterium sp.) HY-17 ( : KCTC

12338BP) DNA GH10(glycoside hydrolase family 10)

DNA ,

DNA 10× (MgCl2), 2.5mM dNTPs, 5× , FastStart Taq DNA

(Roche) , MF-10 (5`-TGGGACGTCSTCAACGAG-3`) MR-10

(5`-GACGTCSGCCTCSGTGAC-3`)

PCR . , PCR 95 5 , 95 30 , 50℃ ℃ ℃

30 , 72 40 35 , 72 7℃ ℃

. PCR 375 bp

PCR DNA Walking SpeedUp premix kit(Seegene, )

(Genome walking) -PCR(nested-PCR) xy1K2

PCR . DNA Wakling FMF

(5`-CATATGGCGCCTCCCGGATTCAGC-3`) RMF (5`-AAGCTTTCAG

CCGCGTCGGGGC-3`) 95 5 , 95 30 , 50 30℃ ℃ ℃

, 72 40 35 , 72 7℃ ℃

PCRd xylH .

XylH PCR pET-28a(+) (Novagen, ) NdeI

Hind . PCRⅢ

100 ng , TaKaRa (ligase) 1 unit 16 16℃

. (ligation) BL21(Novagen)

DNA

DNA (sequencing) .

, 'pET-XylH' . ,

(GenBank accession number :

KF233593).

NCBI (Protein blast survey)

(XylH) GH10

. , 1167 bp ORF(open reading frame), 388

, 41,584 Da pI 4.84

. SignalP 3.0 ,

358 , 38,632 Da, pI 4.67

(Fig. 15).
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Fig. 15. Alignment of the deduced amino acid sequence of -1,4-xylanase fromβ Micobacterium

sp. strain HY-17 with those of other structurally related GH10 enzymes.

- 35 -

LB , 37℃

. OD600 0.4 0.5 1.0 mM

IPTG 30 5 .℃

rXylH (inclusion bodies)

20 mM (imidazole), 0.5 M 20 mM

(sodium phosphate buffer pH 7.4) . rXylH

HisTrap HP(GE Healthcare, )(5-ml) ,

(LC) system(Amersham Pharmacia Biotech, ) .

HiLoad 26/60 Superdex 200 prep-grade(Amersham Biosciences, )

rXylH

. rXylH (Bio-Rad, )

, 20 .– ℃

, DNS(Dinitrosalicylic acid) (Miller GL,

Anal.Chem., 55:952-959, 1959) 1%(w/v) (beechwood xylan)

50 mM (glycine-NaOH buffer pH 9.0)

100 55 15 750㎕ ℃ ㎕

DNS(3,5-Dinitrosalicylic acid) 100 5 540℃

. 1 (unit) 1 1㎚ μ㏖

.

(XylH) (birchwood

xylan) pH .

, pH 50 mM (sodium citrate

buffer)(pH 3.5-5.5), 50 mM (sodium phosphate buffer)(pH 5.5-7.5), 50

mM (Tris-HCl buffer)(pH 7.5-9.0) 50 mM

(glycine-NaOH buffer)(pH 9.0-10.5) 55 15℃

.

, pH , pH

4 1 , , 30~70℃ ℃

5 , (37,℃

45, 50, 55, 60 ) 15, 30, 60 .℃

(XylH) pH 9.0, 60 , pH 5.5~10.0℃

1 75% . , pH 4.5~11 50%

, 37~50 1 90%℃

(Fig. 16).
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Fig. 16. Effects of pH (a) and temperature (b) on the -1,4-xylanase activity of XylH andβ

effects of pH (c) and temperature (d) on the stability of XylH.

(XylH) DNS

. (beechwood xylan), (birchwood xylan),

(oatspelt xylan) 1% (w/v) ) (starch),

(pectin), (glucan) 1%(w/v) , 5mM PNP(p-nitrophenyl)

. 50 mM

(glycine-NaOH buffer pH 9.0) (0.05 ml)

(0.5 ml) 45 10 .℃

PNP- 1 (unit)

1 1 mol PNP .μ

, Table 8 ,

(XylH) , ,

. , ( -1,3/ -1,4-d-glucanβ β

from barley), PNP- (PNP-cellobioside), PNP-

(PNP-xylopyranoside) .

- 37 -

Table 8. Hydrolysis activity of ManK for different substrates

Substrate Specific activity(IU/ )㎎

birch wood Xylan 72.2 ± 0.3

beech wood Xylan 82.7 ± 1.3

oat spelts Xylan 92.3 ± 1.0

Wheat arabinoxylan 52.6 ± 5.0

Xyloglucan ND

Soluble starch ND

Pectin ND

Locust bean gum ND

b-1,3/b-1,4-d-Glucan from barley 2.3 ± 0.5

Carboxy methylcellulose ND

PNP-cellobioside 118.5 ± 0.6

PNP-glucopyranoside ND

PNP-xylopyranoside 30.4 ± 1.1

PNP-mannopyranoside ND

PNP-galactopyranoside ND

(birchwood xylan, BX), (xylobiose, X2),

(xylotriose, X3), (xylotetraose, X4), (xylopentose, X5)

100 5 ,℃

A(0.05% / ) B(0.05% / :

/ = 6:4) Asahipak NH2P-50 2D (5 , 2.0×150㎛

, Shodex) (High performance liquid chromatography,㎜

HPLC) (Kim DY et al., 2011).

, Table 9 ,

X2(71.2%(w/v)) X3(28.8%(w/v)) . ,

(xylooligosaccharides) ,

(xylotriose) X2(45.8%(w/v)), X3(38.9%(w/v)), X4(12.3%(w/v))

X5(3.1%(w/v)) , (xylotetraose)

X2(34.1%(w/v), X3(38.3%(w/v), X4(22.7%(w/v)) X5(5.0%(w/v)) ,

(xylopentose) X2(25.9%(w/v)), X3(35.9%(w/v)), X4(23.4(w/v)),

X5(12.1%(w/v)) X6(2.8%(w/v)) . ,

(transxylosylation) .
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(glycine-NaOH buffer pH 9.0) (0.05 ml)

(0.5 ml) 45 10 .℃

PNP- 1 (unit)

1 1 mol PNP .μ

, Table 8 ,

(XylH) , ,

. , ( -1,3/ -1,4-d-glucanβ β

from barley), PNP- (PNP-cellobioside), PNP-

(PNP-xylopyranoside) .
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Table 8. Hydrolysis activity of ManK for different substrates

Substrate Specific activity(IU/ )㎎

birch wood Xylan 72.2 ± 0.3

beech wood Xylan 82.7 ± 1.3

oat spelts Xylan 92.3 ± 1.0

Wheat arabinoxylan 52.6 ± 5.0

Xyloglucan ND

Soluble starch ND

Pectin ND

Locust bean gum ND

b-1,3/b-1,4-d-Glucan from barley 2.3 ± 0.5

Carboxy methylcellulose ND

PNP-cellobioside 118.5 ± 0.6

PNP-glucopyranoside ND

PNP-xylopyranoside 30.4 ± 1.1

PNP-mannopyranoside ND

PNP-galactopyranoside ND

(birchwood xylan, BX), (xylobiose, X2),

(xylotriose, X3), (xylotetraose, X4), (xylopentose, X5)

100 5 ,℃

A(0.05% / ) B(0.05% / :

/ = 6:4) Asahipak NH2P-50 2D (5 , 2.0×150㎛

, Shodex) (High performance liquid chromatography,㎜

HPLC) (Kim DY et al., 2011).

, Table 9 ,

X2(71.2%(w/v)) X3(28.8%(w/v)) . ,

(xylooligosaccharides) ,

(xylotriose) X2(45.8%(w/v)), X3(38.9%(w/v)), X4(12.3%(w/v))

X5(3.1%(w/v)) , (xylotetraose)

X2(34.1%(w/v), X3(38.3%(w/v), X4(22.7%(w/v)) X5(5.0%(w/v)) ,

(xylopentose) X2(25.9%(w/v)), X3(35.9%(w/v)), X4(23.4(w/v)),

X5(12.1%(w/v)) X6(2.8%(w/v)) . ,

(transxylosylation) .
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Table 9. Composition of products formed by hydrolysis reaction

Substrate
Composition (%)

X2 X3 X4 X5 X6

X2 100.0

X3 45.8 38.9 12.3 3.1

X4 34.1 38.3 22.7 5.0

X5 25.9 35.9 23.4 12.1 2.8

(birchwood Xylan)
71.2 28.8

2.

. Saccharomyces cerevisiae

(1) Host strain

Saccharomyces cerevisiae Bacillus sp. HY-22 endo-xylanase

.

- Saccharomyces cerevisiae SEY2102 [ ura3-52 leu2-3 leu2-112 his4-519 suc2- 9]α Δ

- Saccharomyces cerevisiae FY833 [ ura3-52 his3- 200 leu2- 1 lys2- 202 trp1- 63]α Δ Δ Δ Δ

Endoxylanase(xylp)

.

Gal10 (GAL10p) MF signal sequence(s.s) ,α

Bacillus sp. signal sequence(s.s) endoxylanase(xylP) ,

GAL7 pGMP-xylP . Gal10

signal sequence endoxylanase(xylP)

GAL7 pG-xylP . (Fig.

17)
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Fig. 17. Schematic diagram of the endoxylanase expression plasmids, pGMF-xylP and pG-xylP.

(2) MF signal sequence xylP signal sequence endoxylanaseα

LiCl method

pGMF-XylP pG-XylP SEY2102 FY833

SC-ura .

oat spelt xylan ,

congo-red .

SEY2102 FY833 endoxylanase halo , xylP

xylan halo . congo-red

endoxylanase

(Fig. 18).

Fig. 18. Comparison of MF s.s with xylP own s.s for expression of endoxylanase in qualitativeα

analysis.

endoxylanase ,

- .

congo-red assay halo 48

endoxylanase . Endoxylanase 1%

birchwood xylan , DNS method

. SEY2102 endoxylnase

, pGMF-XylP endoxylanse
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(Table 10). , SEY2102 FY833

endoxylanase , endoxylanase

Bacillus sp. xylananse signal sequence , MF signalα

sequence .

Table 10. Endoxylanase activityof each transformant after 48 h cultivation on YPDG medium.

. (endoxylanase) :

(1)

.

, 1 copy

delta ( )-sequence multi-copyδ

integration endoxylanase level .

Delta-sequence 300 Ty (transposon-yeast) element

integrative plasmid (YIp type) delta-sequence ,

GAL10p-MFs.s-xylP-GAL7t cassette (Fig. 19).

Fig. 19. Schematic diagram of delta-sequence mediated integration on yeast chromosome

gene cassette integration (homologous recombination)

target region . XylP

.

(2) Endoxylanase

Saccharomyces cerevisiae Bacillus sp. HY-22 endo-xylanase

- 41 -

Saccharomyces cerevisiae SEY2102 trp△

[MAT ura3-52 leu2-3 leu2-112 his4-519 suc2- 9 TRP1::loxP-KanMX-loxP ]α Δ

. S. cerevisiae SEY2102 trp geneticin KanMX△

TRP1 TRP1 ( trp)△

endoxylanase .

Endoxylanase (XYLP) pRS -xylPδ

(integrative plasmid) .

pRS -xylP pGMF-xylP Gal10p-MF signalδ α

sequence (s.s)-XYLP (Bacillus signal sequence endoxylanase (XYLP))

-GAL7t , integration -δ

Candida glabrata TRP1 (CgTRP1) (Fig. 20).

Fig. 20. Schematic diagram of pRS -xylp plasmid for expression of enodxylanaseδ

MF signal sequence (s.s), mating factor signal sequence ofα α S. cerevisiae; CgTRP1, TRP1

gene of Candida glabrata; loxP, ATAACTTCGTATAATGTATG CTATACGAAGTTAT (for

sequential integration); -sequence, long terminal repeats ofδ Saccharomycers cerevisiae

retrotransposon Ty

(3) Endoxylanase

pRS -xylPδ

, pRS -xylP XbaIδ

High-frequency yeast trasnformation method , SC-TRP

(medium) (1st integration).

endoxylanase oat spelt xylan

YPDGX , congo red

xylan (Fig. 21). Episomal type pGMF-xylP

SEY2102/pGMF-xylP (P.C)

endoxylanase .
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Fig. 21. Confirmation of endoxylanase activity in each transformant by using congo-red (A) and

azo-xylan plate (B).

H1, SEY2102 trp1; H2, SEY2102 trp1/pRS -xylp; P.C (Positive control), SEY2102/ pGMF-xylpΔ Δ δ

(episomal type); TFs 1~3, SEY2102 trp1/pRS -xylp transformant numbers; TFs 4~9, SEY2102Δ δ Δ

trp1/pRS -xylp/pRS -xylp transformant numbersδ δ

Congo red halo , 48 YPDG

endoxylanase (Table 11).

Endoxylanase birchwood xylan , DNS

method . endoxylanase MF signal sequenceα

80% .

Table 11. Comparison of cell growth (OD600), extracellular and intracellular endoxylanase activity

and secretion efficiency of 1st and 2nd integrants

(4) Endoxylanase

SEY2102 trp1/pRS -xylP loxP-CgTRP1-loxPΔ δ

, CRE recombinase loxP homologous recombination loxP

CgTRP1 pop-out (Fig. 22).

SEY2102 trp1/pRS -xylP pRS -xylPΔ δ δ

. pSH47 SEY2102 trp1/pRS -xylPΔ δ

CRE recombinase CgTRP1

.

- 43 -

Fig. 22. Selective marker rescue schematic diagram for marker reuse and re-integration

SEY2102 trp1/pRS -xylP pRSΔ δ δ

-xylP endoxylanase (2nd

integration). 1st integration endoxylanase

0.1% azo-xylan YPDGX

, xylan (Fig. 21). 1st integrant

SEY2102 trp1/pRS -xylP (H2) DNS methodΔ δ

, 1st integration 2nd integration

endoxylanase 30% .

Endoxylanse SEY2102 trp1/pRS -xylP endoxylanaseΔ δ

episomal type pGMF-xylP SEY2102/pGMF-xylP (P.C)

endoxylanase mitotic stability . 48 YPD

, SEY2102/pGMF-xylP

endoxylanse , SEY2102 trp1/pRS -xylPΔ δ

(Table 12).

endoxylanase

.

Table 12. Comparison of mitotic stability of episomal type (pGMF-xylp) and integration type

(pRS -xylp) for 48hr cultureδ

(5) PFGE southern hybridization XylP integration position
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endoxylanase

.

Table 12. Comparison of mitotic stability of episomal type (pGMF-xylp) and integration type

(pRS -xylp) for 48hr cultureδ

(5) PFGE southern hybridization XylP integration position
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-sequenceδ S. cerevisiae genome 300 copies

. -integration integration copyδ

-sequence integrationδ

, XylP PFGE (Pulsed field gel

electrophoresis) southern hybridization . Probe pRS -xylPδ

GAL10 Fig. 23

integration . 1st integration Ⅺ Ⅳ

integration 2nd integration Ⅷ Ⅴ

integration .Ⅷ Ⅴ

Fig. 23. Confirmation of -sequence integration position in 1st and 2nd integrants by PEGEδ

and Southern hybridization by using Gal10 promoter as probe

H : SEY2102 trp1, 1st : SEY2102 trp1/pRS -xylp, 2nd : SEY2102 trp1/pRS -xylp/pRSΔ Δ δ Δ δ δ

-xylp

. Saccharomyces cerevisiae (endoxylanase beta-xylosidase)

(co-expression)

(1) (endoxylanase beta-xylosidase)

Bacillus sp. beta-xylosidase (xylB) cassette (GAL10p-MF s.s- xylB-GAL7t)α

xylP cassette integration .

pGMF-XylP backbone xylP Bacillus

XylB pGMF-XylB ,

GAL10p-MF s.s-xylB-GAL7t SacIα

primer PCR (2.8 kb) . SacI GAL10p-MF signal sequenceα

(s.s)-xylP-GAL7t pRS -XylP vector PCRδ

GAL10p-MF signal sequence (s.s)-xylB-GAL7t pRS -xylBα δ

(Fig. 24).
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Fig. 24. Schematic diagram of pRS -xylp and pRS -xylB plasmids for expression ofδ δ

enodxylanase and beta-xylosidase, respectively.

pRS -xylB co-expression SEY2102 trp1/pRSδ △ δ

-xylP/pRS -xylP (2nd integrant of xylP gene) .δ

SEY2102 trp1/pRS -xylP/pRS -xylP loxP-CgTRP1-loxP△ δ δ

-integration CgTRP1 CREδ

recombinase gene pSH47 SEY2102 trp1/pRS -xylP/pRS -xylP△ δ δ

. galactose galactose

CRE recombinase CgTRP1 , xylB

(SEY2102 trp1/pRS -xylP/pRS -xylP (trp-)) .△ δ δ

pSH47 plasmid URA3 5-FOA(fluoroorotic acid)

. pSH47 plasmid

integration .

(2) Beta-xylosidase

Beta-xylosidase (xylB) cassette (GAL10p-MF s.s-xylB-GAL7t) xylP cassetteα

integration co-expression .

pRS -xylP XhoI high-frequencyδ

yeast transformation method SEY2102 trp1/pRS -xylP/pRS -xylP (trp-)△ δ δ

, SC-TRP .

-xylosidase SEY2102 trp1/pRS -xylP/pRSβ △ δ δ

-xylP (trp-)/pRS -xylB zymolyase 100T glass beads(0.4~0.5mm)δ

-xylosidase , -xylosidaseβ β

. -xylosidase 10mM p-nitrophenyl- -xylopyranosideβ β

(pNPX) . -xylosidase signal sequenceβ

. SEY2102 trp1/pRS -xylP/pRS -xylP (trp-)/pRS -xylB△ δ δ δ

CgTRP pRS -xylP 2ndδ

integrant . integration -xylosidase 2β

(Table 13).

Table 13. Comparison of cell growth(OD600), extracellular and intracellular endoxylanase activity and

-xylosidase activity, respectively, and secretion efficiency of endoxylanaseβ
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Fig. 24. Schematic diagram of pRS -xylp and pRS -xylB plasmids for expression ofδ δ
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Table 13. Comparison of cell growth(OD600), extracellular and intracellular endoxylanase activity and

-xylosidase activity, respectively, and secretion efficiency of endoxylanaseβ
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(3) TLC(Thin Layer Chromatography)

Endoxylanase -xylosidase xylan SEY2102 trp1,β Δ

SEY2102 trp1/pRS -xylp, SEY2102 trp1/pRS -xylp/pRS -xylp, SEY2102 trp1/pRS -xylp/pRSΔ δ Δ δ δ Δ δ δ

-xylp/pRS -xylB YPDGX 48 . TLCδ

xylose, xylobiose, xylotriose

. Metanol:Chloroform: aceticacid:water 10:10:3:1 TLC

plate(Silica gel) 10x10cm 10% 80℃

dry oven 10 . SEY2102 trp1 endoxylanaseΔ

SEY2102 trp1/pRS -xylp, SEY2102 trp1/pRS -xylp/pRS -xylp, SEY2102 trp1/pRS -xylp/pRSΔ δ Δ δ δ Δ δ δ

-xylp/pRS -xylB xylan xylobiose xylotrioseδ

, xylP 2nd integration SEY2102 trp1/pRS -xylp/pRS -xylp, SEY2102Δ δ δ Δ

trp1/pRS -xylp/pRS -xylp/pRS -xylB spot .δ δ δ

-xylosidase xylose (Fig. 25). -xylosidaseβ β

.

Fig. 25. Xylan hydrolysis by recombinant endoxylnase and -xylosidase.β

Lane 1; xylose, lane 2; xylobiose, lane 3; xylotriose, lane 4; SEY2102 trp1, lane 5; SEY2102Δ Δ

trp1/pRS -xylp(1st), lane 6; SEY2102 trp1/pRS -xylp/pRS -xylp(2nd), lane 7; SEY2102 trp1/pRSδ Δ δ δ Δ δ

-xylp/pRS -xylp/pRS -xylBδ δ

- 47 -

. Pichia pastoris xylanase

(1) Vector construction

Bacillus sp. HY-20 Cellulosimicrobium sp. HY-13 xylanase

XylP XylK1 Pichia pastoris

. XylP 627 bp

XylK C-terminal CBM2 domain XylK1 CBM2 1242bpΔ

Pichia pastoris codon codon optimization .

xylanase Aureobasidium

pullulans ATCC62921 xylanase XynA .

PDC promoter MF signal peptide vector vectorα

Fig. 26 . vector pPDC_MF opt_XynAopt, pPDC_MFα α

opt_XylPopt, pPDC_MF opt_Xylk1 CBM2opt . vector E.α Δ

coli DH5 sequencing .α

Fig. 26. Construction of xylanase expression vector.

(2) Yeast Transformation

pPDC_MF opt_XynAopt, pPDC_MF opt_XylPopt, pPDC_MF opt_Xylk1α α α Δ

CBM2 optvector LiAc/TE P. pastoris GS115 .

colony PCR .

(3) SDS-PAGE analysis

Xylanase SDS-PAGE YPD

25ml volume YPD 30 , 180rpm 48℃

.

TCA+Acetone

sample . SDS-PAGE Fig. 27 . XynA molecular

weight 24.2kDa SDS-PAGE band XylK1

50.0kDa wild type

. XylP 25.3kDa band

.
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Fig. 25. Xylan hydrolysis by recombinant endoxylnase and -xylosidase.β

Lane 1; xylose, lane 2; xylobiose, lane 3; xylotriose, lane 4; SEY2102 trp1, lane 5; SEY2102Δ Δ

trp1/pRS -xylp(1st), lane 6; SEY2102 trp1/pRS -xylp/pRS -xylp(2nd), lane 7; SEY2102 trp1/pRSδ Δ δ δ Δ δ

-xylp/pRS -xylp/pRS -xylBδ δ
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. Pichia pastoris xylanase

(1) Vector construction

Bacillus sp. HY-20 Cellulosimicrobium sp. HY-13 xylanase

XylP XylK1 Pichia pastoris

. XylP 627 bp

XylK C-terminal CBM2 domain XylK1 CBM2 1242bpΔ

Pichia pastoris codon codon optimization .

xylanase Aureobasidium

pullulans ATCC62921 xylanase XynA .

PDC promoter MF signal peptide vector vectorα

Fig. 26 . vector pPDC_MF opt_XynAopt, pPDC_MFα α

opt_XylPopt, pPDC_MF opt_Xylk1 CBM2opt . vector E.α Δ

coli DH5 sequencing .α

Fig. 26. Construction of xylanase expression vector.

(2) Yeast Transformation

pPDC_MF opt_XynAopt, pPDC_MF opt_XylPopt, pPDC_MF opt_Xylk1α α α Δ

CBM2 optvector LiAc/TE P. pastoris GS115 .

colony PCR .

(3) SDS-PAGE analysis

Xylanase SDS-PAGE YPD

25ml volume YPD 30 , 180rpm 48℃

.

TCA+Acetone

sample . SDS-PAGE Fig. 27 . XynA molecular

weight 24.2kDa SDS-PAGE band XylK1

50.0kDa wild type

. XylP 25.3kDa band

.
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Fig. 27. SDS-PAGE of xylanase expression analysis.

(4) Xylan (Congo Red Test)

Xylanase activity xylan halo test . 0.4% xylan

agar plate colony picking . Fig. 28

Congo red . XynA xylan xylP

colony xylan .

Fig. 28. Halo plate assay with Congo red staining for xylanase activity.
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3. xylanase

. Jar fermentor xylanase

xylanase Bacillus sp. pHYJ-XylC Jar fermentor

. 50 / kanamycin LB㎍㎖

broth 50 /250 37 , 16㎖ ㎖ ℃

. 2.0% maltose, 2.0% yeast extract, 1.05% M9 basal medium

3L medium/5L jar 37 , 500rpm, 0.5vvm .℃

DO 1.0 vvm .

22 1,670 unit/ml xylanase

, wild type strain 275 unit/ml 6

. .

xylan

275unit/ml . GRAS Bacillus

sp.

, scale-up

.

Fig. 29. Batch profile of xylanase production with recombinat Bacillus sp. pHYJ-XylC.

. Xylanase

5L jar fermentor profile scale-up

. 5L jar fermentor
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,

, feeding . (batch culture)

700 unit/ml , feeding

(fed-batch culture) .

50 g/L maltose, 30 g/L yeast extract, 20 g/L soy peptone, 5 g/L sodium chloride,

mineral medium , 37 500rpm, 0,5~1,0 vvm℃

2,929 unit/ml xylanase . (Fig. 30)

10% 1 ,

50% 2

. 50mM potassium phosphate buffer pH6.0

, pore size 50kDa UF membrane 1 pore size 10kDa

UF membrane .

100,000 unit/g .

Fig. 30. Xylanase production with recombinat Bacillus sp. pHYJ-XylC.

4.

.

(1) (corn stover) (rice straw)

5 ( 10 , HW7+ HW8) 8

,

. ,

,

- 51 -

.

. 5~10cm (chipping) 50 dry oven℃

12 h (milling) 40, 80mesh

(sieving), 40~80

mesh meal . (Fig. 31, 32)

Fig. 31. Physical pretreatment of corn stover using chipping, milling, and seiving

A : Rice straw chips B : 40~80 mesh passed

Fig. 32. Physical pretreatment of rice straw using chipping, milling, and seiving

(2) , , COSLIF

( )

0.5% 1 g 20 ml
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oil bath (120 ) 120 min .℃

10 min 10 , 0.5 M NaOH

pH 7 10 min 10 , 50 12℃

h .

( ) NaOH

100 ml 1% NaOH 1g -15 24 h℃

.

10 min 10 0.5 M HCl pH 7

10 min 10 50 12 h℃

.

( ) (Cellulose Solvent- and Organic Solvent-Based

Lignocellulose Fractionation; COSLIF)

85% 10 ml 1 g water bath (50 ) 60 min℃

, 20 ml 95% ethanol

, ethanol 3

, 50 12 h .℃

50 mg 0.85 ml

0.15 ml 0.5 M sodium citrate buffer (pH 4.8) water bath (50 ) 5 min℃

pre-incubation , 0.5 ml Celluclast 1.5L (Sigma, USA)

, 50 3 h℃

. DNS reagent

, DNS reagent 1 (0.5 ml):2 (1 ml)

water bath (100 ) 5 min , 540 nm℃

spectrophotometer (Fig. 33).

Fig. 33. Effects of various pretreatment methods on the production of reducing sugars from corn

stover: (a) Celluclast-catalyzed reactions; (b) Celluclast and xylanase-catalyzed reactions.
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2.5% p-formaldehyde-glutaraldehyde (4 , phosphate buffer, pH 7.2) 2℃

, (0.1 M phosphate buffer, pH 7.2) 10 3 ,

1% OsO4(25 , 0.1 M phosphate buffer, pH 7.2) 2 .℃

, ethanol

isoamyl acetate critical point dryer , SC502 sputter coater

20 nm , HITACHI

S4300N (HITACHI, Japan) .

Fig. 34 native corn stover H2SO4

Bacillus sp. HY-22 xylanase corn stover SEM images .

corn stover

corn stover

. corn stover

hemicellulose .

Fig. 34. SEM images of native and pretreated corn stover samples: (a) native corn stover sample

(350 ); (b) corn stover sample pretreated with 0.5% HⅩ 2SO4 (350 ); (c) corn stover sampleⅩ

pretreated with 2% H2SO4 (350 ); (d) corn stover sample pretreated with both 0.5% HⅩ 2SO4 and

Bacillus sp. HY-22 xylanase (350 ).Ⅹ

Fig. 35 native corn stover NaOH

Bacillus sp. HY-22 xylanase corn stover SEM images .
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corn stover corn stover

.

corn stover hemicellulose

.

Fig. 35. SEM images of native and pretreated corn stover samples: (a) native corn stover sample

(350 ); (b) corn stover sample pretreated with xylanase-containing culture broth ofⅩ Bacillus sp.

HY-22 (350 ); (c) corn stover sample pretreated with 1% NaOH (350 ); (d) corn stoverⅩ Ⅹ

sample pretreated with 1.0% NaOH and xylanase-containing culture broth of Bacillus sp. HY-20

(350 ).Ⅹ

(3)

( )

(lignin) (cellulose)

(hemicellulose) 1g corn stover meal 1% NaOH

10ml 30 , 5N HCl pH 5.5~6.0

. cellulase xylanase ,

. 1g 10FPU cellulase 50unit

xylanase 50mM citrate buffer (pH 4.9) 40mL 50 , 90rpm℃

10 , DNS method

.

1.0% NaOH ,

- 55 -

. 1 110 16.1mg/mL℃

, 90~130 110~130℃ ℃

. (Fig. 36)

Fig. 36. The effects of temperature on sodium hydroxide pretreatment.

( ) NaOH

(lignin) (cellulose)

(hemicellulose) NaOH

1g corn stover meal 1.0, 1,5, 2.0% NaOH 10ml 121 ,℃

30 , 5N HCl pH 5.5~6.0

. 1g

10FPU cellulase 50unit xylanase 50mM citrate buffer (pH 4.9) 40mL

50 , 90rpm 10 , DNS method℃

(Fig. 37).

Fig. 37. The effects of alkali concentration on sodium hydroxide pretreatment.
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. Cellulase hemicellulase

, cellulase xylanase hemicellulose

corn stover . 1.5% NaOH

xylanase 1g 10FPU

cellulase, 10FPU cellulase 50unit xylanase 50mM citrate buffer (pH 4.9)

40mL 50 , 90rpm 10 ,℃

DNS method . Fig. 38

cellulase xylanase , 24mg/ml (Fig. 38).

,

glucose xylose . D-glucose assay kit

(Megazyme Co. Ltd.) D-xyloase assay kit (Megazyme Co. Ltd.)

. glucose

xylose , ,

(Fig. 39).

(hemicellulose) corn stover, rice straw

soft wood (lignin) ,

,

. C6

, C5

.

Fig. 38. The effects of xylanase on enzyme hydrolysis.
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Fig. 39. Corn stover rice straw C5, C6

2.5%

p-formaldehyde-glutaraldehyde (4 , phosphate buffer, pH 7.2) 2℃

, (0.1 M phosphate buffer, pH 7.2) 10 3 , 1% OsO4(25 ,℃

0.1 M phosphate buffer, pH 7.2) 2 .

, ethanol isoamyl acetate

critical point dryer , SC502 sputter coater 20 nm

, HITACHI S4300N (HITACHI,

Japan) (Fig. 40).
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Corn stover

Heating

(90 , 1h)℃

Pretreatment

(1.5% NaOH

121 , 30min)℃

Hydrolysis

(Pretreatment

and enzyme

hydrolysis, 4

0 , 4h)℃

X100 X250

Fig. 40. SEM images(100X, 250X) of various corn stover samples: (a) corn stover; (b) corn

stover sample pretreated with heating; (c) corn stover sample pretreated with 1.5% NaOH; (d)

hydrosate with cellulase and xylanase using alkali pretreated corn stover.
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4) (mass balance)

, ,

.

corn stover meal 80mesh , 40mesh

. 1g 1.5% NaOH 121 30℃

, 5N HCl , (D.W.)

0.366g .

cellulase xylanase 0.316g 6 5

(Fig. 41).

1 ,

(cellulose) , 2

(hemicellulose)

(soft wood : corn stover, rice straw)

xylanase xylan .

Fig. 41. Mass balance on pretreament of corn stover.

5. biomass bio-ethanol

biomass bio-ethanol Saccharomyces cerevisiae

YKY 095 , 1.5% NaOH (121 , 30min) corn℃

stover . , (simultaneous saccharification and

fermentation, SSF) (separate hydrolysis and fermentation, SHF)

, Yeast seed YPD medium 30 150rpm℃
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18 . ethanol alcohol dehydrogenase

EnzyChrom
TM

ethanol assay kit(BioAssay Systems, USA) MTT assay

.

corn stover 320g 1.5% NaOH 121 , 30min℃

, 5N HCl pH 5.5 . corn stover 5L

Jar 121 30 100mL enzyme mixture(5 FPU/ml cellulase, 60unit/ml℃

b-glucosidase, 200unit/ml xylanase), 5g/L yeast extract, 5g/L peptone, 200mL

working volume 4L . 30 , 200rpm℃

0.1vvm . corn stover

Jar 100mL enzyme mixture 40 , 200rpm 12℃

, 5g/L yeast extract, 5g/L peptone, 200mL working volume 4L

, .

0 glucose 21g/L, xylose 5.5g/L ,

24 ethanol 13g/L, ethanol

15g/L .

Fig. 42. Time course of simultaneous saccharification and fermentation and separate

hydrolysis and fermentation using corn stover pretreatment

corn stover 125g biomass/L

SHF SSF . SHF 12 , 0

25g/L glucose 7.9g/L xylose 24 ethanol

SHF 29g/L, SSF 30g/L .

- 61 -

Fig. 43. Time course of simultaneous saccharification and fermentation and separate

hydrolysis and fermentation using corn stover pretreatment.

Fig. 44. Time course of simultaneous saccharification and fermentation and separate

hydrolysis and fermentation using corn stover pretreatment(125g corn stover/L).
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(1) Cellulosimicrobium sp. HY-13 GH6 like endo-xylanase /

(2) Cellulosimicrobium sp. HY-13 GH5 endo-mannanase /

(3) Micobacterium sp. HY-17 GH10 endo-xylanase /

(4) corn stover rice straw /
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(2) Cellulase xylanase
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3.

( : )

4.

. ( )

(1) :

- ㈜

.

(1) : Cellemix®

- ㈜

- Lignocellulosic biomass

- Corn stover, rice straw

5.

.

- hemicellulase

- Hemicellulose biomass

-

-

Table 14.

1

Corn, Sugarcane

- Starch

- 110 gallon/ton biomass

- US$ 1.53 / gallon

- 0.1~0.2g enzyme/Kg solid

- Enzyme : amylase

2

Corn stover, rice straw

- Hemicellulose

- 79~100 gallon/ton biomass

- US$ 2.14~3.5 / gallon

- 0.03~0.16ml enzyme/Kg solid

- Enzyme : cellulase, glucosidase,

xylanase
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