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(Enzymatic production of L—ribose as a high—value
medical monosaccharide from rice straw)
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(1) SAFAZFE 7543 L-arabinose ¢ =34 Z3&74 7N
(2) L-ArabinoseZ5-H 115-7}7kx] o] ¢kg @9 L-ribosed] A&73
(3) WA= HFH L-arabinose ¥ L-ribose®] W& A4t =7 &
(4) L-Arabinose ¥ L-ribose?] A|Al%F Az

. A7 e 3 He

(1) ¥HA 4225 E L-arabinose? AMESHA HelaAd /i

- 184 arabinan Wl a4 e dE A2E &g 9 g4 golrey 35

- A& arabinan W EAL HFEN 7] At g40d Hdst B aEE 54
Ak 7Rk

- L-Arabinose A4t H A3} ghvk-s 24 H A3}

- WH {2~ 2K E L-arabinose?] A4k

(2) L-ArabinoseZ5-E L-ribosed] &= &4 /i

- 1A L-ribose AAtEA e a3 AlAE gy g g4 do|B Y A5

- 212/ L-ribose BAtE A /NF G40 FAA s 9 2 2ol o maa N

- 212/ L-ribose BAtaA AL 7 ik g40d Hoist 2 s a4

Ak 7Rk
- L-Ribose A2t HA s airwts 271 43}
(3) R4 ZH-H L-arabinose ¥ L-ribose?] & A4k = =2
- 1A aih T AEHES 7] 9%k L-arabinosed W& AAk =71 g9
- 243t a4 3 AETRS 7| 9% L-ribosed Wi A4 =3 g

- L-Arabinose % L-ribose® AA =7 2§
(4) L-Arabinose ¥ L-ribose?] AlA&F A=

) 5 L-arabinose?] AE3sH4 3]s 7

1. %A arabinan ®d&A W= Bacillus licheniformis®}  Caldicellulorsiruptor
saccharolyticus 2l endo-arabinanase 9 C. saccharolyticus 2l
alpha-L-arabinofuranosidase®] cloning, &d % &4 &<l

2. @2EX 9. Bacillus licheniformis®t Caldicellulorsiruptor saccharolyticus -3

endo-arabinanase % C. saccharolyticus +3] alpha-L-arabinofuranosidase®] &4 %
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L-Arabinose A2F  #HH3}:  C.  saccharolyticus 3  endo-arabinanase$}
alpha-L-arabinofuranosidase& AF&3sto] F+ @49 H|E, &%, pH, 4%, 7|dZFS
H A slsale] HZA ZolA 20 g/l arabinanC ZH-E] 2A]7F =<+ 16 g/l L-arabinoseZ
YAt
WAl 4% 5B L-arabinose A4 343 sugar beet 2 geollA Z}Z} L-arabinose”t
1.5 mg¥ 12 mge] AB2E o] sugar beet’} 8°) & &85 HS.

(2) L-ArabinoseZ5-E L-ribosed] &3 A /i
A=)

5.

1. 1184 L-ribose N T

=l g=T Geobacillus stearothermophilus, G.
thermodenitrificans % Thermotoga neopolitana -+3 L-Arabinose isomerase,
Bacillus subtilus , G. thermodenitrificans, Thermus thermophilus, T. thermophilus
R142N % G, thermodenitrificans W17Q N90A L129F mannose—-6-phosphate
isomerase®| cloning, =& % &4 &9l

aArEAX 9: G stearothermophilus, G. thermodenitrificans X Thermotoga
neopolitana 3@ L-arabinose isomerase, Bacillus subtilus, G. thermodenitrificans,
Thermus thermophilus, T. thermophilus R142N 2 G. thermodenitrificans W17Q
N90OA L129F mannose—6-phosphate isomerase® &AAA, Ex=F =4 &% 9 pH
A3, 9 gy 34 L A5l 2L ARAR 54 24

. L-Ribulose A4t HA3}: G thermodenitrificans +3] L-arabinose isomeraseZ AF-&

sl 2% pH, 4%, 71dFS HAsIste] 500 g/l L-arabinose=HE 2A]7F w83}
o] 95 g/l L-ribulose At

L-Ribose A4t HZA3}: B, subtilus, G. thermodenitrificans % 7T. thermophilus
mannose-6-phosphate isomeraseg AR&3dto] 2%, pH, &4%, 7|dZFS 43t
Hy XS Ad T thermophilus mannose—6-phosphate isomerase’} 300 g/l
L-ribuloseZ%-¥ 3A|7F &<t 213 g/l L-riboseE AAtsle] HE & 71% 2 AYAHA
71 gL' h'Ss 92

134 L-ribose Ata A 7l

829 ##kA 23k G thermodenitrificans mannose—-6-phosphate isomeraseZ
error-prone PCR¥} site—-directed mutagenesisE® AF&sted W17Q N90OA L129F
variantE ¥ i1 o] Wo|FE= wild-type AR H] @A o] 3.1, catalytic efficiency
7 7.1 L-ribose A4bgdeo] 4.5 vl Z7kste 300 g/l L-ribulose®F-E] 1A1ZF F<t
213 g/l L-riboseS AAtste] A% & 71% 2 A4 213 g L' h 'S 43S
aAre EBAERDAY:Thermus thermophilus mannose—6-phosphate isomerase®|
L-ribuloseZ dockingd}®] phosphate—binding site”} 7] Z‘ﬁﬂoﬂ 2%k 7719 ol
al 3712 HA3Fske] R142N Wol5& 7iteh. o] WolF+= wild-type &AW U H 2
Aol 1.44)), catalytic efficiency”’} 1.68] L-ribose AAFAo] 1.5 v] Z7}lste] 300 g/l
L-ribuloseZ%-¥ 2A|7F &<t 213 g/l L-riboseE AAtsle] HE & 71% 2 AYAHA
107 gL' h'& 992



6. L-Arabinose=*%-¥ L-ribose A4t HA sl G. thermodenitrificans & L-arabinose
isomerase®} mannose-6-phosphate isomeraseE AF&3le] HAH| & &% pH, &4
2, 71 d=S HAHgste] HZ @A 500 g/l L-arabinose 2.2 5-H /\]Z_]’ &9k 118
g/l L-ribosed Aitste] A& 5§ 24% L A 39 g L' h'e AU

(3) HHA A4 ZH-H L-arabinose ¥ L-ribose?] W& A4k =31 &5

1. 3As} @4 Ff AEPs7]d 9ldt  L-arabinose® A4k Duolite A5689]
endoiexo=1:100.2 A3 ax FEWS7|A pH 6.0, 80C, 3g4& 0.6 h' =59
20 g/l sugar beet arabinan®Z%E 1447t 12 g/l°]* L-arabinose A4k

2. A3} @A s AEWE7]Y o]k L-ribose®] AAE Alginate]| L-arabinose
isomerase®} mannose-6-phosphate isomerase”’} $H+¥ I AGSHAE A EHS- 7] o A
pH 7.5, 60T, 344 0.1 h '238}o3 300 g/l L-arabinose &5 % 397F H3# 103
g/l L-ribose @ 103g ' 1! d! 9] L-ribose XS HYom 4UxHE AA8] 7a
shQlaL o] Fofl= x27] EHH] 50% Z7do] 10¥7kA #+A14¢.

3. L-Arabinose % L-ribose®] A 27 gg: sFHHo| 3¢ ethanols FH7fste] 4
35 AI71E oS Dowex monosphere 99CA resinl® 83t AAFE &
fractions 3|3lo] F=3lo] HAAFS A=

4. L-Arabinose % L—r1bose«] AlAE Az A A 97.5%2] L-ribulose 19 gram %
80.9%2] L-ribose 5.5 gram A%

V. d748% 2 A3es A
(1) A4

1. =% 99 SCI Journal Bioresorce Technology (IF=4.365) X3 %
%ilj 53 o5 39, w53 &4 59, PCT 59 19 23 ¥

(2) Lol WL éz A st g oA,



SUMMARY

I. Title
Enzymatic production of L-ribose as a high-value medical monosaccharide from rice

straw

II. Objective

Development of enzymatic process for the production of L-ribose as a high-value
medical monosaccharide from hemicellulose

(1) Enzymatic hydrolysis of hemicellulose for L-arabinose production

(2) Bioconversion of L-arabinose into L-ribose as a medical monosaccharide

(3) Optimization for the production of L-arabinose and L-ribose from hemicellulose

(4) Preparation of the purified L-arabinose and L-ribose

II. Contents and Scopes

(1) Enzymatic hydrolysis of hemicellulose for L-arabinose production

- Screening, selection, cloning, and expression of highly active arabinan-hydrolytic
enzymes

- Characterization of arabinan—hydrolytic enzymes

— Optimization of L-arabinose production by arabinan—hydrolytic enzymes

- L-Arabinose production from hemicellulose

(2) Bioconversion of L-arabinose into L-ribose

— Screening, selection, cloning, and expression of highly active L-ribose-producing
enzymes

- Improvement for activities of L-ribose-producing enzymes by DNA evolution and
molecular modeling

— Optimization of L-ribose production by L-ribose-producing enzymes

(3) Optimization for the production of L-arabinose and L-ribose from hemicellulose

- L-Arabinose production by immobilized L-arabinose-producing enzymes In a
bioreactor

— L-Ribose production by immobilized L-ribose-producing enzymes in a bioreactor

— Purification of L-arabinose and L-ribose from the reaction products

(4) Preparation of the purified L-arabinose and L-ribose

IV. Results
(1) Enzymatic hydrolysis of hemicellulose for L-arabinose production
1. Screening, selection, cloning, and expression of endo—arabinanases from Bacillus
licheniformis and Caldicellulorsiruptor saccharolyticus, and

alpha-L-arabinofuranosidase from C. saccharolyticus.



2.

3.

4.

Enzyme purification, molecular mass determination, optimization of temperature
and pH, thermostability measurement, and substrate specificity determination of
endo—arabinanases from B. licheniformis and C. saccharolyticus; and
alpha-L-arabinofuranosidase from C. saccharolyticus.

The ratio of two enzymes, temperature, pH, and the concentrations of enzymes
and substrate were optimized. Under the optimal conditions, endo-arabinanase
and alpha-L-arabinofuranosidase from C. saccharolyticus produced 16 g/l
L-arabinose from 20 g/l arabinan.

L-Arabinose production from hemicellulose: 1.5 mg and 12 mg L-arabinose was

produced 2 g rice straw and 2 g sugar beet, respectively.

(2) Bioconversion of L—arabinose into L-ribose

1.

Screening, selection, cloning, and expression of L-arabinose isomerases from
Geobacillus  stearothermophilus, G. thermodenitrificans, and Thermotoga
neopolitana, mannose—-6-phosphate isomerases from Bacillus subtilus, G.
thermodenitrificans, Thermus thermophilus, 7T. thermophilus R142N, and G.
thermodenitrificans W17Q N90OA L129F.

Enzyme purification, molecular mass determination, optimization of temperature
and pH, thermostability measurement, and substrate specificity determination of
L—arabinose isomerases from Geobacillus stearothermophilus, G.
thermodenitrificans, and Thermotoga neopolitana, mannose—6-phosphate
isomerases from Bacillus subtilus, G. thermodenitrificans, Thermus thermophilus,
T. thermophilus R142N, and G. thermodenitrificans W17Q N90A L129F.
Optimization of L-ribulose production: The temperature, pH, and the
concentrations of enzyme and substrate by L-arabinose isomerase from G.
thermodenitrificans were optimized. Under the optimal conditions, the enzyme
produced 95 g/l L-ribulose from 500 g/l L-arabinose for 2 h.

Optimization of L-ribose production: The temperature, pH, and the concentrations
of enzyme and substrate by mannose-6-phosphate isomerases from B. subtilus,
G. thermodenitrificans, and 7T. thermophilus were optimized. Under the optimal
conditions, 7. thermophilus mannose-6-phosphate isomerase produced 213 g/l
L-ribose from 300 g/l L-ribulose for 3 h, with a conversion yield of 71% and
productivity of 71 ¢ L' h' L.

5. mprovement for activities of L-ribose-producing enzymes by DNA evolution and

molecular modeling

A W17Q-N90A-L129F wvariant of (. thermodenitrificans mannose—6-phosphate
isomerase was obtained using error—prone PCR and site-directed mutagenesis.
The specific activity, catalytic efficiency, and productivity of the variant were
3.1-, 7.1- ,and 4.5-fold higher than the wild-type enzyme, respectively. The
variant produced 213 g/l L-ribose from 300 g/l L-ribulose for 1 h, with a
conversion yield of 71% and productivity of 213 ¢ L' h™ L.

_5_



- As L-ribulose was docked to 7. thermophilus mannose—6-phosphate isomerase
based on molecular modeling, its phosphate—binding site was found to be a
molecular  determinant. The R142N  variant was developed  through
substrate-tailred optimization. The specific activity, catalytic efficiency, and
productivity of the variant were 1.4-, 1.6-, and 1.5-fold higher than the
wild-type enzyme, respectively. The variant produced 213 g/l L-ribose from 300
g/l L-ribulose for 2 h, with a conversion yield of 71% and productivity of 107 g
L'h'

6. The ratio of two enzymes, temperature, pH, and the concentrations of enzymes
and substrate were optimized. Under the optimal conditions, L-arabinose
isomerase 2} mannose—6-phosphate isomerase from G thermodenitrificans
produced 118 g/l L-ribose from 500 g/l L-arabinosefor 2 h, with a conversion
vield of 24% and productivity of 39 ¢ L ' h'!

(3) Optimization for the production of L-arabinose and L-ribose from hemicellulose

1. Immobilized L-arabinose-producing enzymes in a bioreactor produced more than
12 g/l L-arabinose for 14 days from 20 g/l sugar beet arabinan at endo:exo ratio
of 1:10 absorbed on Duolite A568, pH of 6.0, temperature of 80C, and dilution
rate of 0.6 h'\.

2. Immobilized cells containing L-arabinose isomerase and mannose—6-phosphate
isomerase in a bioreactor produced more than 50 g/l L-ribose for 10 days from
300 g/l L-arabinose absorbed on alginate at pH of 7.5, temperature of 60C, and
dilution rate of 0.1 h™".

3. Purification of L-arabinose and L-ribose from the reaction products: After
crystallization by adding 3 times volume of ethanol to the concentrated reaction
solution, filtrate was applied to Dowex monosphere 99CA resin. The active
fraction of the elute was collected, concentrated and dried. The dried product
was the purified L-arabinose or L-ribose.

(4) Preparation of the purified L-arabinose and L-ribose as 19 gram of 97.5%
L-ribulose and 5.5 gram of 80.9% L-ribose.

V. Achievement and Its Practical Use
(1) Achievement
1. Paper: 9 papers publication of international SCI journal including Bioresorce
Technology (IF=4.365)
2. Patent: 9 patents, including 3 patents registrated and 5 patents applied in the
Korean Intellectual Property Office and 1 patents applied to PCT.

(2) Practical Use ) )
We have a plan for the industrialization of L-arabinose and L-ribose production by

transferring skill.



Chapter 1.
Section

Section

Chapter 2
Section
Section
Section

Section

Chapter 3.
Section
Section
Section
Section

Section

Chapter 4.
Section
Section

Section

Chapter 5.
Section

Section

Chapter 6.

CONTENTS

Overview
1. Objective

2. Needs and scopes

Current State of Affairs
1. Current state of market
2. Current state of patent

3. Current state of paper

W

. Current state of field

Contents and Results
1. Production of L—arabinose from hemicellulose
Production of L—ribulose from L—arabinose
Production of L—ribose from L—ribulose

Production of L—ribose from L—arabinose

o e

Preparation of the purified L—ribose and L—ribulose

Achievement of Objective and Contribution in Field

1. Achievement of objective

N}

. Achievement of quantitative objective

w

. Contribution in field

Outcome and Application Plan

1. Outcome

N}

. Application plan

References

68

74

76
73
78

25
31
ol

73
73

75

80



A1
1
A
A

Al 2

A3

Al 4

A5

S

o

1

2 =

s

AT A LA AL

ATNETE W 2 Ay
A Wd 404 L—arabinose A4
A L—Arabinoseol 4] L—ribulose §4F
A L—Ribulose°l| 4] L—ribose A4t
A L—Arabinose°l 4] L—ribose A4t

A .—Ribose % L-—ribulosed] && #AA|

2RUAE g g Foboe] 7]ox
4 AP BEY G
A mxel 9=
A pARoke] 7]&uAd e Felw
AT A3 D 4HEE A
2 AT 47

4 g A3

A EH

S oy O W Ww

25
31
ol
68

73
73
74
75

76

73

78

80



M 1lg S7hMZaHe He

A1 A AFAEe] =5

(D 71=4 =4

- &TE ZR A 1F7I7ER] Q] L-arabinose$} L-riboseA&H o2 AAHS & = J&E 7E
M 2A3} A o] &35t AWEHETV|E L-arabinose®} L-riboseE A& o w2 A4t
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Hup Aibdo] i FAHEol Aol AAZE &olaty 8 FH9 VeAd de @A
TEE 5 o] 7HA 2 FE AAFEH] JF A S QAN S FEE ¢ A
T AR B8 FEE JFesiAA APdEd oubx] & & QlF obdy 7S WE ¥
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- WMAFAZRE 1H77FA] L-arabinose$t L-ribosed] AAL: Wiz o 2 HE| 7} &) & E
At = dEdRy ol &8 mpojeouyA= w7t $5/kg mIvbolup E dhA| €]
L-arabinose< $33/kg$} L-ribose $570/kg o|B2 7434 A&E3H4 WHo = 7}
FEr o] F7AS el 7)o HE.

- 2L AESY YA e 1 FoF L-riboses E33F gtetgdAdpior AJakxElo] 17}
O UAAI R AZ A Ho] JNLEH TPARAHo] FHE o JHAS HE F YA TsY =

e Bt AAE = 7 U+

RE LR RE

- WM& W9 L-arabinosew WHAFASY AI7FA o] <3 AFgom o] Folxlof
L-arabinose® &4 % H&|71 7}s3lal #2] ¢ L-arabinose®te] A A% o] M HFAS
Hiol @ o ghE Ak ¥ a&4 o= o8 T F . I A vfolovf A Fo =
2 H &S A 4 E8A48 FH

- At 718 A T
WY 7=, vAE g 7

o B
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skl A+

- AR 75 Aol g AFEsIE A Ao 20029 ol vE 1099 o]
TR wodo] APEgoew, wid FEs] FUkekL e

- 53], 7154 AsFel uigk A 2 AESE A&l 7Isd AE A&Ale] digh A wof
7 RbEojA A& o' A Qo] o] FoA AL Q&

- Iy 17 71sAE dE AEge A F2ARE B7Fs sHAIRE 20008 0 3% 4399
Az YA Jdorw, A= g5y B Aldom dEo] e AoRE o541,
- L-Arabinose:= A% ¥ Zo] HFHA A" F5& AdstEaEA 7oA AF R I
ghatel Hlwk St gk A FAw|mE el AREE 4 QOB R L-arabinosed F FHAY

Al e WEska 5.

- L-Arabinoset =W 3 A} GeneChemoll A Al#3tar glom 3}sts FAHS FalA At
o] o] Foj X il QL.

- L-Arabinose AA|Z2] Al o] Fojx] Qo) o= L-arabinose® ©|&3F A

Fslo] A= ol HaL Ho| A &S

B L-Ribose A&

(T4 daskde] dska dael d=asylsgdndyed, A

’ =

(o,

AT ARk, 2004)

i

- wlell A ] L-ribose b2 shehA F4el o&] e Aok, GenChemol| 4] o] F01%
A Sl
- L-Form 34t AlFe] oA 824 AIDS B BY 1t A=A 9824 Z3s W

4 %0,

A

FokEol A BYE A EA "FElHF-d(Clevudine)" $HAJol #3E 2'-ZFQ
~L-otghu]e Feiedfd (L-FMAU) A% Y824 L-ribose® o] &3¢ ATE 4
.

- BulkZ $1,000/kg (Fde]l 947F 530$/kg) o2 Al#E ol 9lom, Aok sjdko] ot

al

% L-riboseE ¥m= oFFo] AFEst VY2 dA=AE gl= & Sl 7Y T F
B

A
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T84 40 =® L-riboses 98=E 3 AoF A A4S FF F How F4 H.

- FulolAq Loribose o] AREA FHOR o] FoiL gl AL §t AC o}

g, Aol B8], W A B olahd Loribose o AESA Aol gia FrAol

ol $7}5|3 Qom, Lribosed] AF AzzAe ofgo] & A Aol A= ol
2

ks BHoERE FF Loribose AAbol B T AFE B 432 & Row 7]

.
2) =9 AFAL R A AR

B L-Arabinose A%
(A HAEL 0|83 7|5 &2 iy o]&ﬁ_ﬂ/q 6}%34617]/\243017—9_] A7
TYY wEEH 9 29, 2004; www.danisco.com, Japanese Society of Nutrition and
Food Science)
- Zo A= e AEE 7]%5A 2% (functional food)el]l w3t #Alo] =ke-,
- A& functional food science & AMZ A Foke] AZ2HS T3 v AAS
o 7]odstr] flgk A5 A4,
- AA 7158 AFE A U]% ol oF 70%E FAfretal dow, Aol 20% L7,
71eF =7k Aol YA S 2HA|E
- L-Arabinose+ "=, 42 & A
= A A5 HEAR AREET /‘];—‘11'3}313“4 7]
A AEE AL lenE e 2.
- L-Arabinose®l| gt Aikol] gloj A= Healtang Biotech (F=7), Sigma-Aldrich (7]=7),
Danisco (A=) 3Atoll A A4, dvf = glow, 3184 FAS Fa Aiko] o] F
AR AL A+

FUFU
ga

>,
OZi
:r‘;:
N
L
é

B L-Ribose Al

(F2: TEAgl e Ay el Al edBndad, dEdred dwah, 2004;
www.danisco.com , A A AGA)

- L-form 3G oJefEEo] A AZEAEA 2L FEZA (Antiherpes)Z 7] =]
I Yd= BWI1263w94 (Glaxo Wellcome)9t B¥EZH HsA=Z Al Qs
L-FMAUBukwang & Triangle)5 2] XN AZA 1 271 95 (3% 4)

- L-nucleoside, L-nucleotide, riboflavin 2] ¥&=2 20|, 53] L-nucleosidew &
nlo] 2] 2= A9 Bezimidavire] 4 fa5= 229
- Healtang Biotech (=), Sigma-Aldrich (¥]=), Carbosynth (=), Tokyo chemical
(d+), Danisco (AHE=)ol|A 382 3AS Faf A=, drjsti .

T —

- L-Ribose ¥ 1 F=A9 AAAEL 2001d RocheolA Fu% = Capecitabine (A3
¥ Xeloda)s & X33 oF 1198(1.5x)|Att (i 5).

- %1419}? 2] L-riboses AA X EA9 d5EAM o]&sto] AE3t ¢ ] of o= 3le

H 395, L-ribose & YEE & X8A A AEH0RE A & Ao 7dE.

- oo A= AA7HA L-ribosed A&sHA Aike]l gk 4h{d st EH?"{} B a7k e, Al
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A geto = SHAIZE oy, oA 58 W A5 B ot L-ribose A& ALk
of #odlE ol 3 A7t AEFH R a1l Qom R L-ribosed AEEE Ak
#Ae AT 5 =2 A4S B A A1FS AL e ok 7t E.
¥. L-Ribose, L-deoxyribose 7|8te] 7j =9l k& g~ E
E2 7} 83 A
Clevudine H-agokE HBV sk ‘07 52
(Revovir) Pharmasset 71€}: Phase III
Marivavir ViroPharma CMV 4 59l
(Camvia) GSK nl=, 7lyc} Phase III
LEdC Pharmasset HBV A =
(Pentacept)
3. 2001d%= L-Ribose ¥ 1 Al AIAAR
2244 FujA (BAE) & M$)  H=AE (B)
Acadesine Kyowa Hakko (Arasin)
Capecitabine Roche (Xeloda) 110 8
Cytidine Ursapharm (Posilent)
Doxyfluridine Roche (Flurtulon) 170
Ribavarin ICN Pharmaceuticals 470 37
Riboflavin Roche, BASF 330 19

A 2 A E3

M L-Arabinose 539
AR AR L-arabinose® AAME HAHOR AL A5 AT ALY

ol BA THE WA YA A%S

B L-Ribose 53
A F7kA AEsEA el L-ribose AW T AFYZH  o]go] Jbm e
Mitsubishi Chemicalit %53 USP 6,348,326 (Feb.19, 2002) 2E9S Yu5=2 g}
BAWHS L-ribose AA2HY.

o] WS HtgE 85l glucoseol A ribitolS AAFSIAL o]TWH-S- 0 2 L-ribulose®
A L-riboseE A= 34 A, 58S 18.9%0] A9 ribitolS AAZS sjof 3= 34
7F A= (L9).



(=151 oH CHO CHO >
HO- Fermentation HO Bacterial oxidation o L ribose isomerase 1o o >/ \( OH
oH T HO —————————— HO — HO- =
OH 309 HO: Q0% HO- TEES HO- HO OH
oH CHOH oH :

D-glucese  ribitol L-ribulose Lribose

CHO CHO e
O e e — o / o tnee
HO- e HO:
HO: HO»

Ol

3. GlucoseZHF-H wget T4 4502 L-ribose A4k

B L-Arabinose =%
A F57kA A=8H4Ql L-arabinose® A4 Arabinan taflo] g £44 54 el
g A7 ?‘l@ﬂ‘ﬂ AFAACl g4 FAL oA FYE A &FdS-(Beldman et al
1997; Saha 2000; Shallom and Shoham 2003).

032
»

B L-Ribose =1
- NAD-dependent NAD-dependent mannitol-1-dehydrogenase’} ¥3tH 2| %3S o) &+
& AH838ke] 100 g/L ribitolZHE wjF 72412k Foll 55% o @&} 0.72 ¢ L'h!
o] Aikdoz 55 g/l L-riboseE Y& (Woodyer et al. 2008).
- L-Ribulokinase—deficient E. colis ©|&3ste] o+ Hk-& o2 36 g/LL L-arabinose=®%-
Bl oF 20 AIZF Fol o 20% A& 1.84 g L'h' 9o AMHoR 65 g/l <
L-ribose& AJ4H(Helanto et al. 2009).

Al 4 A o] ddEEor S8 E

O vpolemjz &g tigh A+ Aol afntet AX 3L L wpo]emfAo] i (80%
ol’d)e AAshE AfFraet WA T 53], WRATE OoYd dds AR
(D-xylose, L-arabinose, D-galactose, D-mannose &)2.% 3}al Q7|o FAGZ S
2 EE ol¥ls W Ve 9 e 2 A dEE o)8E F de 783 dYE
S 81 & F 5. ©] T L-arabinoset tHE To] HEAF O R o] Folx] gl A
DLFJ oul Agto =z o] FojAlo] V& GIAFR] A dE = u 7]EY AF e

Hol| tiste] @44 EalHol g .
O L-Arabinoset= ¥¥Fx o2 wjAl&Eo] o ek dlgol] # o] &38lX E3rz HHdfA4aR
o] =
AA

FH @4MO=  L-arabinoseE AAbeld v R4 BUHAE FAE A =
L-arabinose®] A|AXo] HHA{FAE dlo] 2 o ebE Ak ff g&4o= o]& &

. oleld Wy e ARAHo Rt B

O L-Arabinoset Aol &S Al Asdh HEA, Sy A9 Azm RxA 2



ojekFo]l HAFAE AEH i, AAFSE w2 Y ATV FHTHL
L-ribose AAite] 5 Fo=A o] = F 7|o nvlo]QujA~Z=HE A7to] ¢
At A BEA WHoRE JHARS T Ve 9 ALY 3 AJaEle S
& Hpo] e AR RE nHIV7ER] FEe)] ojubAl & 4 s .

O L-ribose= 37} & ($570/kg)o.2 %2 L-FH2 it oekEEo] 4 A%
A2 Fupole] =42l methyl-L-riboflanoside (Bezimidavir'™) ¢ @A) AL-&
L-ribose ¥ I FZ=A AAAGLS 2001d oF 119 E0]aL, HTd= A=
A (Antiherpes)2 7|k 11 9l BW1263W94 (Glaxo Wellcome)2t B3 7S A
2 /s 3 = L-FMAU (Bukwang & Triangle) 59 Al Z7HA=2A 1 4
Sotal o], APA SR o] & Thegh 19 AZWHE Jidete AL F Lof B2
THE= #A e did4l.

s
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¥ o rr

ool 2 2 i



M 3g dEsd e X 21

A 1 A PR G-l A] L—arabinose Ak

W f-4 0 A7IAE FA%taL 9lE L-arabinose® A &4 WHOZE AA 2 I55 ¢
A += WF=A] arabinan (L-arabinose”} alpha-1,5 Ao = FAE FZgwo A7A =
alpha-1,3 2% 2% L-arabinose’} A% = U= FAEEH) Fallo] #Hoste LY
ko] QG xojZtHLim et al. 2010; Voragen et al. 1987). Arabinan 3] &4 2+
arabinan backbone< arabino-oligosaccharides = w3 sl=

endo—1,5-alpha-L-arabinanase (EC 3.2.1.99) (Dunkel et al. 1994; Hong et al. 2009;
Leal 2004; 2005, Takao et al. 2002a, 2002b)<}
arabino-oligosaccharides ¥ arabinan side chain & +#33}o] L-arabinose® 7335}
alpha-L-arabinofuranosidase (EC 3.2.1.55)¢] F7[#] &4 =2 T4 tH(Brigisson et
al. 2004; Canakci et al. 2007, 2008; Debeche et al. 2002). 53], arabinan #3fjol o]
T 8452 cellulase, xylanase ¥ vHluste] 1 AG7F Wol F=ojx] x| &2 ‘o]
o 3}

al #7154 A5F (functional food)e] H7HAI=AM AHHAAl ACHZERY @] B2 4d<
A

and Sa-Nogueira Miyazaki

Te =
w3 glon L-arabinose &= AZ2zg @doze] olg sleAd e ¥& 55 wu
21t Osaki et al. 2001; Seri et al. 1996).

1) E% B8A|+ Bacillus licheniformis endo-1,5-a-L-arabinanase &4 14

1. Arabinan £3] Aw9 £, Ad €L 54

1% arabinan® 0.05% trypan blue &% LB agar plateE ©]-&3}o] clear zoneo] &
Aol vEEtE AL o]&3te] 5,000 colonyZH-E arabinan &35 Ho] & 77FA HAE
FE AEeglt (Table 1. 7FE =2 A4S Ad 759 16S rRNA gene &4 2

RLNey | =
Bacillus licheniformis®} 99.9% < x| s} t}.

::J‘

Table 1. Activity and identification of bacteria that hydrolyze arabinan

Strain Identified  strain Identity of 16S Activity
number rRNA gene (mU/ml)
KS12 Bacillus  licheniformis 99.9% 411
KS48 Bacillus  arsenicus 99.7% 136
KS33 Bacillus megaterium 99.9% 71
KS28 Paenibacillus  kribbensis 99.8% 65
KS45 Bacillus amyloliquefaciens 98.7% 36

KS5 Paenibacillus  lactis 99.5% 32
KS32 Microbacterium liquefaciens 99.0% 25

The analysis of 16S rRNA gene for bacteria isolated from soil was performed by



SolGent (Daejeon, Korea).

2. Bacillus licheniformis endo-1,5-a-L-arabinanase®] #ZA} €24, a4 ¥4 2 AA

B. licheniformis DSM13 (GenBank accession number, AE 017333)¢] putative
endo-1,5-a-L-arabinanase? FdAE 7|E o= sl F2YS 3t E colidlA EHAA
o} A2 987 bp9 open reading frame® E o] Fo]H i WA 37 o}n]x=AFe] signal
peptideZt  FfEl 328 opAb o FAHE |mAo|th o] FAY {FHAE
DDBJ/EMBL/GenBank DNA database°ll & accession number BAI47539& %o Wit

A FH NS His-Trap affinity chromatography .= AA|ste] SDS-PAGES|A EA}=E-
ol Ax 33 kDa (Fig. 1A) ©]9lal gel filtration chromatography® =743 Exjake

33 kDa® monomer©°] 3t} (Fig. 1B).

A B

400

200

33 kDa

100 [~
80 -
60 -

33.3 kDa

40 -

Molecular mass (kDa)

10 1 1 1 1
70 80 90 100 110 120

Retention time (min)

Fig. 1. (a) SDS-PAGE analysis of purified enzyme from each purification step. Lanel,
molecular mass markers; Jane2, crude enzyme; lane3, His-Trap column product
(purified enzyme). (b). Determination of molecular mass of endo-1,5-a-L-arabinanase
from B. licheniformis by gel-filteration chromatography using a Sephacryl S-300 HR
16/60 column. The reference proteins (@) were b-amylase from sweet potato (200
kDa), aldolase (158 kDa), albumin (66 kDa), ovalbumin (43 kDa) and carbonic
anhydrase from bovine (29 kDa). The molecular mass ofendo-1,5-a-L-arabinanase
was 33.3 kDa (O).

3. Bacillus licheniformis endo-1,5-a-L-arabinanase®] A3}st% EA4

o] @49 debranched arabinan (linear 1,5-a-L-arabinan)e] 3+ #% pH+= 6.0 ©|}

—| 1
58X S HoFEA (Fig. 3).
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Fig. 2. Effects of (a) pH and (b) temperature on the activity of endo-1,5-a
—L-arabinanase from B. licheniformis

120

Relative activity (%)

0 Il Il Il Il Il

20 25 30 35 40 45 50

Temperature (°C)

Fig. 3. Effect of temperature on the enzyme stability.
o] @49 7|AEoJAL debranched arabinan (linear 1,5-a-L-arabinan)olA 7F& &3k
(Table 2), B. licheniformis endo-1,5-a-L-arabinanase® debranched arabinan®l] tj3F

catalytic efficiency (kea/Km)+ sugar beet arabinan WaF zte] 140¥) =kth (Table 3).

£l

Table 2. Substrate specificity of endo—1,5-a-L-arabinanase from B. licheniformis

Substrate Specific activity (U/mg)
Debranched  arabinan 27 £ 0.3

Sugar beet arabinan 0.7 £ 0.006

Starch ND

Arabinoxylan ND

Arabinogalactan ND

Xylan ND
p-Nitrophenyl-a-l-arabinofuranoside ND

— 1 O —



Table 3. Kinetics parameters of endo—1,5-a-l-arabinanase from B./icheniformisKS12

Kn (mg ml ") kea (57 Keat/ Km(mg ml 's ™)
Debranched arabinan 19 + 0.2 161 £ 1.2 847 + 0.16
Sugar beet arabinan 24 + 0.3 1.4 £ 0.05 0.06 £ 0.002

2) L&A Caldicellulorsiruptor saccharolyticus endo-1,5-a-L-arabinanase S 7%
1. C. saccharolyticus endo-1,5-a-L-arabinanase? AA % Ex}& =

Caldicellulosiruptor saccharolyticus endo-1,5—-a-L—-arabinanaseS <4 2]¢} His—trap
affinity chromatography® AA #48S A% A3}, 12 U mg 19 specific activity® ¢l
sk 4= %It} (Table 4). AAs A3} SDS-page AolA &2l g4 9] EAZFLS 56 kDa
o], gel-filtrationo. & 313t &4 9] native EAHES 112kDal. 2 dimer ©]At} (Fig.
4).

Table 4. Purification of endo—1,5-a-1-arabinanase from C. saccharolyticus

Purification  step Total Total Specific ag;tivity Yield Purification
protein (mg) activity (U) (Umg ) (%) (fold)
Crude extract 162 46 0.28 100 1
Heat treatmnet 56 27 4.8 59 17
His-Trap HP 0.6 6.6 11 14 39
A B

200 —
112 kDa

56 kDa

100 —
80 -

Molecular weight (kDa)

20 I I I I I
55 60 65 70 75 80 85

Retention time (min)

1 2 3 4

Fig. 4. (a) SDS-PAGE analysis of purified enzyme from each purification step. (b)
Determination of molecular mass of endo—-1,5-a-L-arabinanase from C. saccharolyticus
by gel-filtration chromatography usinga Sephacryl S-300 HR16/60 column.

2. C. saccharolyticus endo-1,5-a-L-arabinanase® A3}stzd EA

aho 71dE0)AS testd] ¥ Z3} 1,5-a-L-arabinan?! debranched arabinancl* Ztoj
4445 Yelgo] o] @47} endo-1,5-a-L-arabinanase® T4 ¥t (Table 5). &4° F
] pHE 6.502 el Hal, HA 25e 75CT2 g2l HAtt (Fig. 5). dAdA Al A
half-lives== 65, 70, 75CeolA Zt7Z} 2440, 254, 93 h® UYEIY HI¥E endo-1,5-a
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-L-arabinanasez°l 7}F4 <“<etgAdo] =4t} (Fig. 6). Debranched arabinane] t3gh K, °]
18 mg ml', ka©l 50 s ' 2 ku/Kn©l 2.8 mg ml 's o]t} (Fig. 7).

Table 5. Specific activity of endo—-1,5-a-L-arabinanase from C.saccharolyticus

Substrate Specific activity (U mg ')
Debranched  arabinan 12 + 0.40
Sugar beet arabinan 26 + 0.03
Arabinoxylan ND
Xylan ND
Starch ND
p-Nitrophenyl-a-I.-arsabinofuranoside ND
120 120
A B
100 100
S eof > 80 -
H s
S e S e
g g
E 40 - E 40 -
20 20
0 1 1 1 1 1 0 1 1 1 1 1
5.0 55 6.0 6.5 7.0 7.5 8.0 60 65 70 75 80 85 90
pH Temperature (°C)

Fig. 5. Effects of (a) pH and (b) temperature on the activity of endo-1,5-a
—L-arabinanase from C. saccharolyticus.

Relative activity (%)

20 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Time (h)
Fig. 6. Thermal inactivation of endo-1,5-a-L-arabinanase from C.s accharolyticus.
Temperatures are 65 (@), 70 (1), 75 (M), 80 (O), and 85T (V).
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1/[S] (mg ml™)"!

Fig. 7. Lineweaver—-Burk plot of endo—1,5-a-L-arabinanase from C. saccharolyticus for

debranched arabinan.

3) LAl Caldicellulorsiruptor saccharolyticus a-L-arabinofuranosidase
1. C. saccharolyticus a-L-arabinofuranosidased AA| ¥ £z} &3

Caldicellulosiruptor saccharolyticus a-L-arabinofuranosidaseES <x#¢ His—-trap
affinity chromatography® A #4S Az A3} 28 U mg 'Y specific activitys &<l &
T AT (Table 6). C. saccharolyticuss W&ste] Y3t FHAE 249 sto] E. colill
A e E At 9& §4%E a-L-arabinofuranosidase® GH family 519 &% &2l Ad<l
Arg-Tyr-Pro-Gly-Gly (RYPGGR)9 PGG locus, Ile-Gly-Glu-Asn (IGEN)%] acid-base
catalytic locus ¥ Asp-Glu-Trp (DEW)2] nucleophilic catalytic locus7} HE%o 3lo](Pei
and Shao 2008) C. saccharolyticus a-L-arabinofuranosidase= GH family 51°l 3t}
(Fig. 8). 1129 a4&8 EAIHY sol=nd WHS o] &3te] 58 kDaol AAl®E a4E
At (Fig. 9). &4+ Sephacryl S-300 HR 16/60 preparative—grade column
(Amersham Biosciences, Uppsala, Sweden)< ©]&3e 150 mM NaClo] ¥3¥3H 50 mM

3

citric acid buffer (pH 5.5) 914 1 ml/mingd <&z EA3P1 1 xS 58-kDa &
FA 2 o] Fo]A 460 kDao 2 el AT}

Table 4. Purification of a-L-arabinofuranosidase from C. saccharolyticus

Purification  step Total Total Specific  acfivity Yield Purification
protein (mg) activity (U) (Umg ) (%) (fold)
Crude extract 1094 1203 1.1 100 1
Heat treatmnet 63 Pl 15.1 79 14
His-Trap HP 5 141 28.2 12 26
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CSAraf 19 KRIYGSFLEHMGRAIYTGIYEPDHPQADEMGFRKDVLELVRKLNVPIVRYPGGNFVSGYN
GCAraf 24 KRIYGSFIEHLGRAVYGGIYEPGHPQADERGFRRDVIELVKELQVPLIRYPGGNFVSGYN
BSAraf 24 KRIYGSFIEHLGRAVYGGIYEPGHPQADENGFRQDVIELVKELQVPIIRYPGGNFVSGYN
AKAraf 21 KRIYGSFIEHLGRAVYGGIYEPGHPEADENGFRQDVIELVKALQVPIIRYPGGNFVSGYN
BLAraf 61 PRLFGSFVEHLGRCVYGGIYEPSHPTADENGFRQDVLDLVKELGVTCVRYPGGNEFVSNYN

3k okekek, skekoksk ook kekskelok, skek sk skskesk skekgoosksk sk sk, sskskelekekskelekek ssksk

CSAraf 139 VEYCNFPGGTYYSDLRRQHGYEQPHNIKVWCLGN]S
GCAraf 144 VEYCNHPSGSYYSDLRTSHGYKEPHKTKTWCLGNEMVGPWQIGHKTAVEYGRTACEAAKV
BSAraf 141 VEYCNHPSGSYYSDLRTAHGYKEPHKTKTWCLGNEMDGPWQIGHKTAVEYGRTACEAAKV
AKAraf 141 VEYCNHPSGSYYSDLRTSHGYKEPHKTKTWCLGNIIMDGPWQIGHKTAVEYGRTACEAAKV
BLAraf 181 LEYVNGAPGTAWADQRVANG IEEPMD IKMWC IGNIMDGPWQVGHMSPEEYAGAVDKVAHA

skekrk L ork o rorkrk ki, ok skek okekpskelekok pkkekek sk p s ek, p o r ok

IDGDWQIGHKTAYEYGRLAREAAKV

CSAraf 253 KNFVAKSLEMEEFIKTVISTIDYVKAKKRSKKVVNISFD[ HAHLEGK————

GCAraf 258 ANYLALTLEMDDFIRSVVAIADYIKAKKRSKKTLYLSFD HSNEA—————

BSAraf 255 ANYLALSLEMDDFIRSVVATADYVKAKKRSKKTIHLSFDIY HSNEA———————

AKAraf 255 ANYLAMSLEMDDFIRSVVITADYVKAKKRSKKTIYLSFD[Y HSNEN————————

BLAraf 301 QDFLASSEDMTKFIATVSDAADQAREANNGTKDIALSFDB GVWY SDKWNEQEDQWKAEA
sk ik kR ook b k1 zkekskksk g koksk

Fig. 8. Alignment of the amino acid sequences of C. saccharolyticus a
—-L-arabinofuranosidase with GH family 51 a-L-arabinofuranosidases. CSAraf, C.
saccharolyticus; GSAraf, Geobacillus caldoxylosilyticus; BSAraf, Bacillus
stearothermophilus; AKAraf, Anoxybacillus kestanbolensis; and BLAraf,
Bifidobacteriumlongum. The catalytic residues (E173 and E292) and consensus
sequences of GH family 51 are highlighted with black and gray backgrounds,

respectively.

kDa 1 2

170 ” YNW
130 g

72 . i |
55 S

43 e

34 -

26

17— ‘
Fig. 9. SDS-PAGE analysis of each purification step. Lane 1 marker proteins; lane 2
crude extract; lane 3 supernatant after heat treatment at 75C for 10 min; lane 4

Hi-Trap Q HP chromatography column product (purified enzyme).

2. C. saccharolyticus a-L-arabinofuranosidase®] AJ3}3t3 EA

7t 1 mM9] Ba®", Co™, Mn®", Mg®", Ca®", Zn”", Cu®" 1g]a Fe” 87}x¢] o]2& 50
mM citric acid buffer (pH 5.5)9] 80Col|A] w3t A3} o] o] Cu*tollA] <Fz7he] A7} 744
£ Hola 1 o= v YEH Y-S F2AE3itt. 50 mM citric acid buffer (pH 5.5)& o] &3}
of 259 50 mM sodium acetate buffer (pH 4.5-5. 5) and 50 mM maleic acid buffer
(pH 5.5-6.5)F ©|&sto pH A& & A3 pH 559 =% 80T HAES Bt (Fig.
10). 65, 70, 75, Z18]al 80ToA &4 &&= A AES o Axp Gao FAo] Hlo g
Wolx]= Algke] 70Te| 390AI%F, 75Te 4947k, 80T+ 0.4A13Fo]9ltt (Fig. 11).
p-nitrophenyl-a-L-arabinopyranoside®] ke,< 285 s, Km< 1.29 mMo| ¢l th.

A B
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80 - 80 -

60 -
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3
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0 1 1 1 1 1 0 1 1 1 1 1 1 1
4.0 45 5.0 55 6.0 6.5 7.0 55 60 65 70 75 80 85 90 95

pH Temperature (°C)
Fig. 10. Effects of (a pH and (b) temperature on the activity of «a
—L-arabinofuranosidase from C. saccharolyticus.

Relative activity (%)

0 20 40 60 80 100 120 140
Time (h)

Fig. 11. Thermal inactivation of a-L-arabinofuranosidase from C.s accharolyticus.
Temperatures are 65 (@), 70 (C1), 75 (M), and 80T ().

3. C. saccharolyticus a-L-arabinofuranosidase®] ¢]3% arabinooligosaccharides®l*] L-arabinose
A2

7% arabinobiose, arabinotriose, arabinotetraose, Z1¥]il arabinopentaoseZE ©]-8-3}¢]
G20 B4 FAskn 7 97hE FAAsArh ¥ Gae 7149 ool A4§sle] Fashi
G227 /14 wuRE Raste] A 1340w RE 9 Raske A0S nyn
(Fig. 12).

Arabinobiose (mM)
L-Arabinose (mM)
Arabinobiose, Arabinotriose (mM)

L-Arabinose (mM)

0 2 4 6 8 10 12 14 "o 2 4 6 8 10 12 14

Time (h) Time (h)
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Arabinobiose, Arabinotriose,
Arabinotetraose (mM)
L-Arabinose (mM)
Arabinobiose, Arabinotriose,
Arabinotetraose, Arabinopentaose (mM)
L-Arabinose (mM)

0 2 4 6 8 10 12 14

Time (h) Time (h)

Fig. 12. Hydrolysis for arabino-oligosaccharides from n=2 to 5 of C.saccharolyticus a
—-L-arabinofuranosidase. (a) Arabinobiose. (b) Arabinotriose. (c) Arabinotetraose. (d)
Arabinopentaose. The used concentrations of arabino-oligosaccharides from n=2 to 5
were 1 mM. Symbols; L-arabinose (@), arabinobiose (O), arabionotriose (D),

arabinotetraose ([J),andarabinopentaose(a).

4) 312 A+ Caldicellulorsiruptor saccharolyticus endo-1,5-a-L-arabinanase <}
a-L-arabinofuranosidase®] F#& 4ol 93t L-arabinose A4t (Debrabched arabinan)

Caldicellulosiruptor saccharolyticuso|A 224 sfo] d& LS Eazg3t= a4 (a
-L-arabinofuranosidase, =~ CSabf) ¢ F&  Fal#&s+= a4 (endo-1,5-a
-L-arabinanase, CSabn) F7}4 & ©]&3}9 debranched arabinang ©]-&3dto] 1 &3] &
IE AAE7A] FHaIA ) A=A A3

L. 7 5249 A vj&9 23

Debranched arabinan 0.1%% ©]-83}%] endo-1,5-a-L-arabinanase (& 3FollA -3l %83}
H4)Y a-L-arabinofuranosidase (gl #3)2-&sh= E4)E o|-&sle] 72t HEHEE F
o] BIlE Hol= WES EQskgla, I vl&2 3:101UY. (Fig. 13). olW endo-1,5-a
-L-arabinanase 1 Unit2 1A]17F&<F 1% debranched arabinanolA 1 pyM¢] L-arabinoseZ
5l 52, a-L-arabinofuranosidase®] 1 Unit< 1A]7F5<F 1 mM p-nitrophenyl-a
—-L-arabinopyranoside®| 4] 1uM L-arabinoseE #3lst= THS eI

Borr

i

Relative activity (%)

0 I I I I
[ 2 4 6 8 10

a-L-Arabinofuranosidase (U mI™)
. . .

20 15 10 5 0
Endo-1,5-a-L-arabinanase (U mI™)

Fig. 13. Effect of the ratio of endo—-1,5-a-L-arabinanase to a-L-arabinofuranosidase
on L-arabinose production from debranched arabinan by endo-1,5—-a-L-arabinanase

and a-L-arabinofuranosidase from C. saccharolyticus.
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2. 7 5A9 HH HEAgA vk =4 FHHs)

CSabn¥} CSabfe] 3 : 1 unite] W&o w3 %9 pH HE A¥s A3 pHE pH 6.59
Al e 75CoAA HAolTt (Fig. 14). 2% 65, 70, 75, 80, 18]al 85T/ &42E F
e SA e I ahe] FAo] wro] FHi= AR 7 1215, 347, 126, 12, 184l
0.12A)1zFe] vt (Fig. 15)

=

B

120 120

100 - 100 |-
qQ
3

80 - 80|

60 — 60 -

40 40

Relative activity (%)
Relative activity (%)

20 20 -

0 L L L L L L 0 L L L L L
40 45 50 55 60 65 7.0 15 60 65 70 75 80 85 %0

pH

Temperature (°C)
Fig. 14. Effects of (a) pH and (b) temperature on the L-arabinose producing activity at
the optimal unit ratio (3 : 1 of CSabn:CSabf) from C. saccharolyticus.

Relative activity (%)

1 1 1 1 1 1
0 50 100 150 200 250 300

Time (h)

Fig. 15. Thermal inactivation of the L-arabinose producing activity at the optimal unit

ratio (3 : 1 of CSabn:CSabf) from C. saccharolyticus. Temperatures are 65 (@), 70
(O), 75 (¥), 80 (A) and 85T (W).

3. F &Zad HA &N 8k 27 HFg (849 7E FE)

CSabn¥} CSabfe] 3 : 1 unit®] B]Eol pH 6.5¢ &% 75%0|A] L-arabinose A4+ s}t
= 98] &4 9 debranched arabinan =¥ 23S 133t &4+ 7 CSabng 0~120
u/ml¥} CSabf& 0~40 U/mle] s=2 &srar, 7[dL 0~50 g/19] s=ollA JFsle
W, 7} @4% CSabn 42 U/ml¥ CSabf 14 U/mlolA A (Fig. 16a)& YepAa, 714
20g/1ol A 714 3= productione H.o]+= Z(Fig. 16b)S 3H2ls}ic).

A B
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Hydrolysis yield (%)

L-Arabinose (g I")
L-arabinose concentration (g I"')

I I I
"o 10 20 30 40
a-L-Arabinofuranosidase (U ml™) 0 L L L L 0
L I I I 1 1 ] 0 10 20 30 40 50
0 20 40 60 80 100 120

Endo-1,5-a-L-arabinanase (U mI”) Debranched arabinan concentration (g I'1)

Fig. 16. (a) Effect of enzymes concentration on L-arabinose production from
debranched arabinan at the optimal wunit ratio (endo-1,5-a-L-arabinanase:a
-L-arabinofuranosidase=3:1) (b) Effect of substrate concentration on L-arabinose
production from debranched arabinan with 42 U/ml endo-1,5-a-L-arabinanase and 14

U/ml a-L-arabinofuranosidase.

4. F 5249 HF &} HF whE 279X L-arabinose A4k

CSabn} CSabfe] 3 : 1 unite] HAwW| & A pH 6.59F =% 75TCo|A L-arabinose A4l
HUgE Y8l AIZTHEE L-arabinose Aibs 188t qlet. 1243 L-arabinoseE 2A1%F <h
o] 20 g/l debranched arabinans AF&3lA 16 g/l L-arabinoseE 2o] 80%2 +&S H
o] FAH(Fig. 17). Debranched arabinan® ZA< arabinose : galactose : rhamnose
galacturonic acid”’} 88:4:2:60| 2.2 A AE9] arabinoseo] W3k &2 91%°]|t}.

3]
-
©

Arabinose concentration (g I'1)

Arabinobiose, arabinotriose, arabinotetraose,
arabinopentaose concentration (g I)

Time (min)

Fig. 17. Time courses of L-arabinose production from debranched arabinan under the
optimal conditions. The optimal conditions for debranched arabinan were pH 6.5, 75
°C, 20 g/l debranched arabinan, 42 U/ml endo-1,5-a-L-arabinanase, and 14 U/ml a
—l-arabinofuranosidase. L-Arabinose (@), arabinobiose (A), arabinotriose (D,

arabinotetraose ([J), and arabinopentaose (A).
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5) M2AMd Caldicellulorsiruptor saccharolyticus endo-1,5-a-L-arabinanase ¢} a
-L-arabinofuranosidase®] F#& 4ol 23+ L-arabinose A4HSugar beet arabinan)

Caldicellulosiruptor saccharolyticuso|A 224 st d& LS Eazg3t= a4 (a
-L-arabinofuranosidase, =~ CSabf) ¢ F&  Fal#&s+= a4 (endo-1,5-a
-L-arabinanase, CSabn) F7}# & ©]&3}9] sugar beet arabinan< ©]&3slo] 1 #3] &3}
£ =A== Fdanrt deA Adeith

L. 7 5249 A vj&9 23

Sugar beet arabinan 0.1%%& ©]&3}o] CSabn(z3lollA =3l 2-83)
of FazEat= Ea)E ol&ste] 2 HEERE HiY FIE Hol=
HlE 2 1:80] Ut (Fig. 18).

Relative activity (%)

0 6 12 18 24 30 36
a-L-Arabinofuranosidase (U ml™)
L 1 1 1 1 1 |
18 15 12 9 6 3 0

Endo-1,5-a-L-arabinanase (U mI™")

Fig. 18. Effect of the ratio of CSabn to CSabf on L-arabinose production from sugar
beet arabinan by CSabn and CSabf from C. saccharolyticus.

2. 7 &2a9 A HgoA v A A3 (%, pH)

CSabn¥} CSabfe] 3 : 1 unite B]&d] 23 &% pH ¥=E A¥3S A1 pHE pH 6.0
A e 75TCoAA FHHolAtk(Fig. 19).
A B

120 120

100 - 100 |- B
80 -

80 &

60 - 60 -

40 -

Relative activity (%)
Relative activity (%)

2010 20

1 1 1 1 1
1 1 1 1 1 0
% 50 55 60 65 70 75 6 85 I I 8 8 %

pH Temperature (°C)

Fig. 19. Effects of (a) pH and (b) temperature on the L-arabinose producing activity
at the optimal unit ratio (1 : 8 of CSabn:CSabf) from C. saccharolyticus.
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3. F &Zad HA g vk 24 JFg (849 7E FE

CSabn¥} CSabfe] 1 : 8 unit® H]&°] pH 6.09} &% 75%°]A L-arabinose At o3}
£ fdl aae 714 s AYS JAYsidt. ai4+ ZF CSabns 0~8 u/ml¥ CSabfE
0~70 U/mlY == AP, 7142 0~50 g/19] oA Psi o, 7+ aihe=
CSabn 3 U/ml¥} CSabf 24 U/mleld HHs debddar, 71d 20g/191d 7HE =2
productione H.olx= AL 321359t (Fig. 20).
A B

L-Arabinose (g I"')
L-arabinose concentration (g I")
3
Hydrolysis yield (%)

I I I
0 20 40 60 80 -
a-L-Arabinofuranosidase (U m1) 0 1 1 1 1 20

‘ s 0 10 20 30 40 50

. |
0 2 4 6 8 10
) J . . ;
Endo-1,5-0-L-arabinanase (U mI") Sugar beet arabinan concentration (g 1)

Fig. 20. (a) Effect of enzymes concentration on L-arabinose production from Sugar
beet arabinan at the optimal unit ratio (endo-1,5-a-L-arabinanase:a
-L-arabinofuranosidase=1:8) (b) Effect of substrate concentration on L-arabinose
production from Sugar beet arabinan with 3 U ml-1 endo-1,5-a-L-arabinanase and 24

U ml-1 a-L-arabinofuranosidase.

4. F 5249 HA &} HF vhE 27 A L-arabinose A4k

CSabn@} CSabfe] 1 : 8 unite] HAW| & A pH 6.09F =% 75TCo|4 L-arabinose A4k
Hulsts 18] AIFNE R L-arabinose AAHS 23310t 1 A3 L-arabinosed 241%F <F
o] 20 g/l sugar beet arabinan< AF&3lA 16 g/19] L-arabinoseE ¥ 0% &< H
o] = tH(Fig. 21). Sugar beet arabinan®] ZAL
arabinose:galactose:rhamnose:galacturonic acid’} 88:4:2:60]2 % sugar beet arabinans
o] arabinoseZ%-¥ A4 ¥ arabinose? & 91%°|t}.

2

20

w ~

N
Arabinose (g I'")

Arabinobiose, Arabinotriose,
Arabinotetraose, Arabinopentaose (g I"')

=

0 20 40 60 80 100 120 140 160

Time (min)
Fig. 21. Time courses of l-arabinose production from sugar beet arabinan under the

optimal conditions. The optimal conditions for sugar beet arabinan were pH 6.0, 75 °C,
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20 ¢ It sugar beet arabinan, 3 U ml 'endo-1,5-a-l-arabinanase, and 24 U ml'a
—-l-arabinofuranosidase. |-Arabinose (@), arabinobiose (A), arabinotriose (WD),

arabinotetraose ([J), and arabinopentaose (A).

6) L2 A Caldicellulorsiruptor saccharolyticus endo-1,5-a-L-arabinanase ¢t
a-L-arabinofuranosidase F&49 313 3}E E3+ sugar beet arabinan®. ZH-H
L-arabinose A4t
Caldicellulosiruptor saccharolyticuso| A 224 sfo] d& LS Eazg3l= a4 (a

-L-arabinofuranosidase, =~ CSabf) ¢ F{&  Fal#&s+= a4 (endo-1,5-a

-L-arabinanase, CSabn) F7H4] &4& 1 o] sugar beet arabinan<

oj-gste] 1 F3 EIE A=BE/A FHHEIAVE A=A A s

1. 27338 gA A%
ot A3t JAE o]&ste] CSabn(FAbell A 3 2-&sk= &4)3 CSabf(‘Ewhol] 3l

283l = @4)E 1A3}F sFe] sugar beet arabinanol] FHi1eo] HEIE Holx= HAES FAL F)

Ath. 7147 Duolite A568 Aol 143}st GaolA HA FallsS HtHTable. 6).

Table 6. Relative conversion of arabinanase on to different supports.

Support Conversion rate (%)
Free enzyme 80
Duolite A568 79.56
Duolite S761 36.4
Duolite A7 35.42
IRA-120S 43
IRA-400 0
Chitopearl 28
Nano-—particle 40
Glutaraldehyde 0

2. 13 a9 HAH w9 A

CSabn(F7toll A HEa|21-8-3F+= &A)Y CSabf(Edte] EajzH83t= a4)E 22 Duolote
A568 1143} @A A sl 2zt st aAE o] 8ste] ZF HjEHEE Hiale &

S Hol:= HE&S Foslya, 1 v&S 1:100]tHTable 7).

Table 7. Effect of the ration of endo-1,5-a-L-arabinanse to a—-L-arabinofuranosidase

on L-arabinose production from sugar beet arabinan.

Ratio Relative production (%)
1:5 73.2

1:6.6 89.5

1:8.3 96.7

1:10 100

1:12.5 99.9

1:16.6 93.3

3. F &A9 HH oA v 27 HH3F
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(1) 3 &%, pH

143 §49 CSabn¥ CSabfe] 1 : 10 unite] HJ&o] 23 %o pH ¥HE 233 Ay}
pHE pH 6.091A4 &% 80TdA # Aol th(Fig. 22). 2% 70, 75, Z1g]al 80TIA &4
£ T 84S 54 e 1 mae &4do] who] & AR 7} 532, 240, 1] il 31
Al ko] ATH(Fig. 23).

(a) (b)

120

120

100 — 100 -
80 - 80 -

60 —

60 -

Relative activity (%)

40— 40 -

Relative activity (%)

20 -
20 —

| | | | | 0 1 1 1 1 1
0
4.5 5.0 5.5 6.0 6.5 7.0 75 65 70 s 8o 85 % 95

PH Temperature (°C)

Fig. 22. Effects of (a) pH and (b) temperature on the L-arabinose production by
immobilized enzymes.

Relative activity(%)

Time(Day)
Fig. 23. Thermal inactivation of the L-arabinose production by immobilized enzymes.
Temperatures are 75 (@), 75 (A), and 80T (M.

2 [ 714 v=
aA3 @49 CSabn¥} CSabfe] 1 : 10 unit®] H]Eol 23 sugar beet arabinan HE='H =
: N

A& A3 20 g/l %9 sugar beet arabinan ZHo|A Hi19] L-arabinose AAFS L}E}
WA tHFig. 24).
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L-arabinose (g/L)

sl
ol
o
8
0
5 10

Sugar beet arabinan (g/L)

15 20 25

Fig. 24. Effect of sugar beet arabinan concentration on the L-arabinose production by
immobilized enzymes.

(3) BE §r37dA Y HA =2

a3t @49 CSabn¥ CSabfe] packed bed bioreactor %95 93] XK16/20 columnel
1As 42 F738ko] dilution rate® AF 3 A3} 0.6 h™'olA H 9] arabinose BAHS
ettt (Fig. 25).

(a) (b)

L-arabinose (g/l)

| | | |
.0 0.5 1.0 1.5 2.0 25

8
6
41—
2
0

0.

Dilution rate (h™1)

Fig. 25. (a) A packed-bed reactor with CSabn and CSabf immobilized on Duolite A568

(b) Effect of dilution rate on L-arabinose production in a packed bed reactor.

(4) Packed bed reactor °l4¢] L-arabinose A4t

aA3 ghE o]&3 packed bed reactorol A 20g/19] sugar beet arabinan® ZH-E
L-arabinose A4HS ZARSE A3 8UAF 744 3] 16g/Le] L-arabinose® A4t skl
71 o]3F¥ L-arabinose AAito] 7Hashe= As &<l ollth(Fig. 26).
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20

18 —

16 —

14

12

10

L-arabinose (g/L)

| | | | | | |
0 2 4 6 8 10 12 14 16

o N » O ©®

Time (day)
Fig. 26. Continuos L-arabinose production from sugar beet arabinan in a packed bed

reactor at dilution rate of 0.6 h™*

7) AVFF H A BZAg A9 L-arabinose AJ4t

1. Sugar beet arabinanol| 4] L-arabinose %

Suger beet arabinan®] 7% 1 ¢ @9F{ FFo] arabinose, galactose, rhamnose 1%
a1 galacturonic Acid’} 272t 88%, 3%, 2% 1v]al 7T%2] W& % o) arabinose”} wi-$-
taFo]l  xeheol v weEbd AN #Hel $9 sugar beet arabinans  ©]-83&}o]

L-arabinoseS ¥+ WHo] WA oA L-arabinose® 9+ ZHT ¢ U2 v AFS 5
sto] Eelskaith
2. B2 AR H§ 9 oA hemicellulose?] ¥ W

2 AT = HAY AT #HH F9] sugar beet arabinang ©]-8-3l9] hemicelluloseE
THE3l Y59 hemicelluloseE ©]8-3l9] L-arabinose& AJ4tste ZiE ATE L o
1 e Fa=E(Carbohydrate Polymers 42 (2000) 111-122)8 4 &3le] Aol Sk
=3

o] W2 toluene-ethanols ©]83}4] dewaxed straws THEIL, ©]5 1% NaOHE 55%9
A 2 h A2d 5 6M HCIZ pH 8.5& %Fvh. o1 F flltratlon% o] g3l AL AT NG
6M HCIS o]&3tol 1A pH 555 RbEol T35 A7 28] 92 & 3uf Huje
100% ethanole ©]&3lo] H&EAIZl H filtrations °]&3ste AEd AL 34 9. 1 &

70% ethanolS ©]g3le] A% pelletS washingdt & A}88 4 gt}

olzfgt W o2 AL hemicellulose®} L-arabinose? &S Table 6°] YEeERRITE H 2
2¢5 ©]&3to] arabinose® ¢ 0.075%T&3, sugar beet sludge AXES ©]-&3)
arabinoseE ¢F 0.6%° &5 &2 & F dlor=z HYS FF33 FS sugar beet
sludge (F=74F, UK Agriculture)E T43te] ¢F 8¥ %2 arabinoseE €< 4 AT o=
A AV H S o]83lo] L-arabinoseES AAetE Aol Bl E&Z O ® arabinoseE d&

T ATkl AR,
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Rice straw

Extraction with toluene-ethanol (2:1, vIv) for 6 h

Dewaxed straw
l’l‘rwmcnt with 1% NaOH at 55°C for 2 h.

Sample free of 1% NaOH solubles
Treatment with 0, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0% H:0; at 45°C
and pH 115 for 12 h, respectively.

Residue Filtrate
Neutralization with 6 M HCl to pH 8.5 and 6.0,
for isolation of silicate and residual hemicellufoses

by precipitation, respectively.

W N
Filtrate Pellet
(For isolation of solubilized lignin) \LWash with 70% ethancl and air-dried.

Hemicelluloses

Fig. 27. Scheme for extraction of hemicelluloses.

Table 9. L-Arabionse production from rice straw and sugar beet

r Total amount (mg) Hemicellulose (mg) L-arabinose 4} (mg) )
rice straw 2000 8 1.5
sugar beet 2000 20 12

Al 2 A L—Arabinoses] A L—ribulose AJAF

L-Ribose= #& L-form &4 o] FE 29 4 A 227 o] tHOkano 2009). L-Ribose
+ F2  L-arabinose, L-xylose,  D-glucose, D-galactose, D-ribose Ex
D-mannono-1,4-lactone2 %€ 3ststgm o= BAEE o] $htH(Cho et al. 2005). a9y, 3
S We 258, 2o S5 AANY 2 2E gysis = @3 o]
Atk oY e @HL FEE7] 98, ribitol £ L-ribuloseZH-8 BE3A L-ribose A%
ol AFHn Y}, Hoo= NAD-dependent mannitol-1-dehydrogenase (MDH)E =
gt AxE gAFe AFE3Y 100 g/L ribitol2 -8 @& 72X 7k 559 A% &8 99
ARE L-ribosed] Ak e L-arabinose2 78 ®l=t s ¥r: o 28 ) ok}
(Woodyer et al. 2008). Alebsiella pneumonia ] D-arabinose isomerase, Pseudomonas

@ ook

pyy

stutzeri 3 L-rhamnose isomerase, Streptomyces rubiginosus @ D-xylose isomease
R Lactococcus lactis S galactose-6-phosphate isomerase= FH st 712 Sol4d&
AM L-ribulose® L-ribose® A2 4 QA9 7 A8z % =2t} I-Ribulose:
ABRAH 02 L-riboseZBE  Acinetobacter sp. 2 L-ribose isomerase, Escherichia
coli 8 L-arabinose isomerase mutant, Actinoplanes missouriensis €% D-xylose
isomerase mutant R Cohnella laevoribosii $- 9 d-lyxose isomerase® A}&3}d] g5 o
$tHCho et al. 2005; De Munynck et al, 2007; Mizanur et al. 2001; Park et al. 2010;
Santa et al. 2005. &t} AJ4kA] o] kg wnt o2} L-ribulose 22 E L-ribosed a4

OF
.




ke olz Wal ol A @t} Ie]2® L-ribose A2 o]l w& AAHl AESHH Q] HE
ol JhrEofof gt

Sugar phosphate isomerasei= 3L+ 7]Z <l sugar phosphate %+ ofyz} x4 FAH
of oJejA sugar & T F o] & @IFF Al AR F e £ GZaholn AdA
o= D-allose isomerase’} EAA  27]  wiitel| D-allose ®iAbell st
ribose-5-phophate isomeraseE A}g£3Fo] D-alloseE Mg & vl L-Ribose
isomerases= ¥ FH7FA] Wb Bl o] §laL o] ¢} FAMSE GAe e KAl WX i Utk &
3k, B A Ao A 4 3d7F screeningdl9 A9 L-ribose isomerase™ 2SS itk 9=
2, Acinetobacter sp. 3] L-ribose isomerase®t Cohnella laevoribosii 3 d-lyxose
isomerase”’} L-ribose, D-lyxose " D-mannose°] ZAo] At}= Aol =reksto] sugar
phosphate isomeraseE XA}t Z3¥ L-ribose % D-lyxose°]| ¥#H ¥ sugar phosphate
isomerase”’} $1A% D-mannose®] #H%¥ mannose-6-phosphate (EC 5.3.1.8) isomerase
7F o] o] @AE L-ribose AAtl A&3}AT. Geobacillus  thermodinitrificans 2l
L-arabinose isomeaseE A}Fg§3to] #7} @< L-arabinose (bulk price, $50/kg)=5H
L-ribuloseE AAF8la1 mannose-6-phosphate isomeraseS AFE3FY] L-ribulose Z5-E 11
7F3<l L-ribose (bulk price, $1,000/kg)E& Aitste= A2 AFgA o=z 744 Q= dojrh. 1
H}4& Fig. 28] eI

(‘ZHO (\jHZOH (EHO
H(EHO (‘320 HO(‘:H
HOCH L HOCH % HOCH
HOCH G. thermodinitrificans HOCH B. subtilis HOCH
[ L-Arabinose isomerase Mannose 6-phosphate ‘
CH,0OH CH,OH  isomerase CH,0H
L-Arabinose L-Ribulose L-Ribose

Fig. 28. Schemetic representation for the production of L-ribulose from L-arabinose
by L-arabinose isomerase from G. thermodinitrificans and the production of L-ribose

from L-ribulose by mannose-6-phosphate isomerase from B. subtilis.

L-Ribuloset ribitol#} L-arabinoseZ%-¥ acetic acid bacteria®} lactic acid bacteria®]
resting cells & AF&ste] AyAbste] Sk}, W= Escherichia coli, Lactobacillus gayonii,
Lactobacillus plantarum = Mycobacterium smegmatisol A 2] ¥ L-arabinose isomerase
o] EXL W EAAIR, L-arabinoseol A L-ribulose AAHe B I1E A @kttt - Aqto) A
= Geobacillus thermodenitrificans L-arabinose isomerase (GTAID) double-site mutant

enzyme= AF&3e] L-arabinoseZ%4-El L-ribulose A4HS ZA}S9A ).

1. L-Ribulose A2te] wX]= pH, 2% )

GTAI double-site &dWo] EAE AREst] pH % %9 d3s Ay 23
L-arabinose®| A L-ribulose AAF2 70C HpH 8olA Ho|A}t. E. coli, L. gayonii, L.
plantarum, 2 M. smegmatis®] L-arabinose isomerases®| L-arabinose®] ™3}t L-ribulose
2ol ML 747 pH 6-89F 37C, pH 6-79F 30-40C, pH 79 30-40C, pH 7-7.59} 45T
o A A olAtt. GTAI double-site =AWl @49 AAAALS oY AlgtlA S A
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sl AAsIAE. ArAA L 12} kineticsE wgka wHA7|( zl/z)t 60, 65, 70, 75, = 80°C
oflA Z+zt 90 Azk, 50 AlZE, 32 AlZh, 4.5 A|ZE 2 0.3 Al & BAFAT (Fig. 29). ©]F
& AxEe 75°C OVCMWE a47F et A QDI"‘o‘M Ed3] Adgo] gloed &
o ZE Wge 70°C % pH 8el4 FHssch

A B C

40

tivity (%)
8
tivity (%)
2

Relative activi

Relative activity (%)

8

6.0 65 7.0 715 8.0 85 9.0 40 50 60 70 80 90 10

pH temperature (C)

Time (h)

Fig. 29. Effects of (a) pH and (b) temperature on L-ribulose production using GTAI

double-site mutant enzyme. (¢) Thermal inactivation of GTAI double-site mutant
enzyme for L-ribulose production at temperatures of 60 (O), 65 (V¥), 70 (»), 75 (),
and 80°C (H).

A St 1)

2. GTAI double-site mutant enzyme$] kinetics

71422 L-arabinose®} L-ribulose®] @gt GTAI double-site WMol G49] kineticstr
ZAeR Y (Fig. 30). L-Ribulose?] A, (37 mM)< L-arabinose (185 mM) X.t} of Hul] 2}
k3l L-ribulose®l W& ke (42,127 min™) & L- arabmose (25,173 min HRT} oF 24 %
ottt 2 A}, L-ribulose®] M3 kew/Km (1,145 min' mM o] L-arabinosedl &k A/ K
(136 min' mM ™) ®Eth 83 Egtth o3 A= L-ribuloseZ5E L-arabinose® ¢ %3k
o] L-arabinoseZ%-E L-ribuloseZ9 A3 HO wWEdE AE YeRdY  GTAI
double-site Z@Wo] #&AE L-arabinosed] W3t ka L ko/AKnd F©] mesophiles,
thermophiles, @ hyperthermophilesE E&3= BE AldolA 71 =vha B aE ). 4

0.020 0.007

0.006

0.015 0.005

" mg)
o
=3
2

0.010
0.003

1V (units™ mg)
1N (units”

0.002
0.005

0.001

6 S | | | L o 1 i 1 1 1 1 J

001 000 0.01 0.02 003 004 0.05 -0.04 -002 000 002 004 006 008 010 012

1[S) (mM™') 1/[S] (mM™)

Fig. 30. Lineweaver-Burk plots of GTAI double-site mutant enzyme for (a) L-arabinose
and (b) L-ribulose.
3. L-Arabinose ¢} L-ribulose®| @ W|&

L-Arabinose$} L-ribulose®] W@ 1| GTAI double-site G0l E4E F2 4%




e JAFEE ARESte] 25-75°ColA] ZAFSIGITE (Table 10). &% =
L-ribulose A4k o= UERTE o]:= L-ribulose A4ts S7HA1718™ deoll kA3 =+
Abgato]  aLZol A wkE A Aok gtk RS ouw|gt). shebA wWpo R FASGlE o
L-arabinose®} L-ribulose® H3dW| &S [. plantarum L-arabinose isomerase
25°Col A ¢F 9:15 vebd ® a7t 9t} (Heath et al. 1958).

il
S
Do
ofo
ol
o
£

Table 10. Equilibrium ratio of L-arabinose to L-ribulose

Temperature (°C ) L-Arabinose : L-Ribulose
25 888 1 112
40 34.1 :159
55 30.0 :119.0
70 787 1 21.3
75 780 : 220

4. L-ArabinoseZ5-E| L-ribulose®] A4t

asgAd s HtAIZ7] L-ribulosed] AHS A A3 a484 10 units/ml 7HA= <
7}atgd o1} L-ribulose®] AAto] 1 olAte] EmoME dAsITt (Fig. 31). 2822 10
units/mlE L-ribulosed] AAte] HA ahvsE=z AASA T L-Arabinose?d %= 10 g/L
ol 500 g/l = W3IAIHE W] L-ribulose AAFEL 21.3% oA 18.3% = A8}
L-Arabinose &% 10 g/L oA ¥k 2A17F Zo] 95 g/1.¢] L-ribulose’} 19%¢] 3t &
2 AT (Fig. 32). L. plantarum ¢ whole cells& ®FS 30A17F Fo] 20 g/L
L-arabinose°l ] 0.8 g/L L-ribulose® AAtstel 0.4%9 A% #&3 003 g' L' h' ¢
S HoFRlth GTAI double-site EdWo] @49 L-ribuloseo]| Wg Hd3 &z A
AL L. plantarum 9 whole cells Xt Z}zF ¢F 50- ¢F 1800-w] 2 ZAdjolr}.
L-Arabinose®l A L-ribulose®2] ©]43} ¥F-g-o| A= L-ribulose AAJo] o€ttt Hi S
i1, L-arabinose isomeraseE A}-§3F9] D-tagatose AJitel tigh A+ Bo] T 5o $4A
Uk L-arabinoseZ%4-¥] L-ribulose A4H o} & 7pA] A=A @kktd, 822 GTAI
double-site EdWo] FAE AFE3to] 2417 &<9F 95 g/L L-ribuloses AJ4bst 712 2oln]
UE dolt

o T

¢

120

100 -

80 -

60 —
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40 -

20 -

I I I I
0 5 10 15 20 25
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Fig. 31. Effect of enzyme activity on L-ribulose production.
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Fig. 32. Effect of substrate concentration on L-ribulose production. (a) Effect of
substrate concentration on production (M) and conversion yield ((J) of L-ribulose. (b)

Time course of L-ribulose production (@) from 500 g/L L-arabinose (O).

5. Borate F7} ¢ L-arabinoseZ4-E L-ribulose?] Aol 7}

Boratev= 54 @dol degxo=w B3AE st FAS AA7e 92E g
E3], L-arabinosedl= XI3t%=7} Qlo] AgHelA] %o} L-ribulosedl= 7Z3F AEAS AW
t}, 1822 borateE H7FSHH Wk HEFo| L-ribulose Wekow A3y o] IFxE I5E
L-ribuloseE A4t 4= 9t} A4rE L-ribulose-borate complexs Amberlite IRA-743%}
Dowex X50X8 FA| 4:1 &S AF&3to] 99.9% o9 borated A|A3sF] L-ribulose&

B T 5 A

120
120
100 -
100
- 9
&) S sl
z £
2 3 e
3] N © B
5 60 °
2 ]
s % 40 -
@ 40 0}
2 4 Qo .
] IS = S [} Q.
e ) 20 g
20+ o
0 1 1 1 1 1
0 I I I I I I 55 60 65 70 75 80 85

6.5 7.0 75 8.0 8.5 9.0 95 10.0
Temperature (°C)

Fig. 33. Effects pgf (a) pH and (b) temperature on L-ribulose production using GTAI
double-site mutant enzyme in the absence (O) and presence (@) of borate. The
reactions for pH experiments were allowed to proceed at 70°C in 50 mM Tris—-HCI or
50 mM borate buffer at 65°C. The reactions for temperatue experiments were allowed
to proceed at pH 8.5 in 50 mM Tris-HCl or 50 mM borate buffer at pH 9.0.

BorateE #7}sle] o] wkg-3k A3} L-ribulose AAko]l 3u] 7}7ko] A2k $lal borate”’}
Sle 45 AA pH7E 8.001AAIRE borateZt A& A-Fel= pH7F =2t 25 L-ribulose 4
Abol F7bsl vk (Fig. 33a).  Lejut pH 8.00] oAM= a4d] b /do] FHawo pH 8.5,
9.0, 9.5, 109149 ¥kzt7]+= Z+ZF 350, 100, 40, 13 A|ZFAAT. 2822 dvlud QFA4shar
L-ribulose A4to] =2 pH 9.0& HA pH=E ZAAsAT A &%+ borate’} §le A5
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75°C, borate7} 1S Z-5-oll= 65°ColAh(Fig. 33b).

L-Arabinose 500 g/l 65°C % pH 9.0°14 borate 5% HWE 2417 w-&3 23 6.0 M
borateo] /] A3 & 80%<¢ 400 g/1¢] L-ribulose® AQTHFig. 34). HA %7

g/l L-arabinoseE 7|&&3}o] borate’} §0= A-F 95 g/l borate7} S 7A-Fo= 400 g/l
L-ribuloseE A48l tH(Fig. 35) = borates H7bste] ste] AibFy) &S 4.2 ¥ &
7EXA A a1 AAFE L-ribulose—borate complex: Amberlite IRA-7433} Dowex X50X8 A
4:1 TFES AFESY] 99.9% ©]<] borateE A A L-ribulosed A4F & 4 At

100
80 -
S
3
Q2 60
>
s
[
540
>
s
o
20 -
0 1 1 1
0 2 4 6 8
Borate (M)
Fig. 34. Effect of borate concentration on L-ribulose production using GTAI

double-site mutant enzyme The reactions were allowed to proceed at 65°C and pH
9.0 for 2 h.
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Fig. 35. Time course of L-arabinose isomerase-catalyzed production of L-ribulose from
500 g/LL L-arabinose in the presence and absence of borate. L-Arabinose without
borate (O) and with borate ([1); and L-ribulose without borate (@) and with borate
().
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Xﬂ 3 A L_RibUIOSGOﬂ/\ﬂ L—ribose /\gﬂ-

1) Bacillus subtilis mannose—6-phosphate isomerase A&

1. Bacillus subtilis mannose-6-phosphate isomerase®] 3} 24, olv|=A4t AE v, B2}
=
B. subtilis ATCC 23857¢ Ydhs @A (GenBank accession number D88802)¢]
encodingst= FHAE (945 bp) =ZEYsle] W& Ay ofujwAib M Eo|l B subtilis
HB002 (GenBank accession number AF324506)% mannose—-6-phosphate isomerasex
Atel @Ay 96.8% FAHIS HAAT F o Ghe o BA qfHol HA FSkth
Mannose 6-phosphate isomerase & A|7}A] o= FEEH=H F3 19 ghe @ o]
A wkSo] Bt wd 7]FY §4E EE include all eukaryotic 2 prokaryotic
g 29 aas A Al Holal Frt
A 71%5E AW Y (phosphomannose isomerase 2 GDP-D-mannose pyrophosphorylase).
dbgud 32 Rhizobium meliloti )¢ 3+ @A R 7194 o)Az} wh-&S A9 & {3
I} o] wol] zpol7} AT}, B. subtilis mannose-6-phosphate isomerase™= 3 1o &3k
t}. B. subtilis mannose—6-phosphate isomerase® active-site motif (9-amino acid
residues, LSVQVHPDD)®} EAo] +H¥E t& 3 13 29 mannose-6-phosphate
isomerase® active-site motif®] A <gE& HlwsUrt (Fig. 36). Active site 27| Leu90 %
Ser 91, %3+ metal binding 7] GIn93 % His95< X+ mannose-6-phosphate
isomerased] st ] AAGFAAT YwA A7]= offhe] ApolE HAI 53| B

=
subtilis mannose—6-phosphate isomerase® active-site motifx= EA4o] FHEA ThE

mannose-6-phosphate isomerase©l| 3|3 % }.

mannose-6-phosphate isomerase+= z}o] 7} ATt o] A& B. subtilis
mannose—6—phosphate isomerase’} Y& mannose-6-phosphate isomerasedi= 7]&dE 0]
= F Utk As A sk Aol

]Zﬂoﬂ 22495 L-ribose HABaAEQ  Acinetobacter sp. L-ribose isomerase,
Escherichia coli L-arabinose isomerase mutant, Actinoplanes missouriensis %
Streptomyces rubiginosus®] D-xylose isomerase mutant, Cohnella laevoribosii D-lyxose
isomerase, Klebsiella pneumonia D-arabinose isomerase, Pseudomonas stutzeri
L-rhamnose isomerase % Lactococcus lactis galactose-6-phosphate isomerase 3}
mannose—-6-phosphate isomerase®ti= FH A 02 FASE Ho] A3 §Ia oA FHH o

% et AL ofua,
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B. subtilis (1) 83 LLDANM 005511
A. nidulans (I) 104 VLSIRK! P29951
C. ablicans (I) 108 VLSIEKYV P34948
C. elegans (I) 96 VLSVLG P34650
E. coli () 94 VLCAAQ P00946
H. sapiens (1) 107 VLSVET P34949
S. cerevisiae (I) 106 VLSIEKYV P29952
S. enterica (1) 94 VLCAAK P25081
S. mutans (I) 92 ILDANDW D165%4
A. calcoaceticus (II) 392 TVKPGQ X81320
P. aeruginosa (1) 389 TVEPGA! P07874
R. rubrum (II) 398 VVQPGE S30187
X campestris (1I) 386 TVKPGA P29956
H. pylori (II) 379 EVKPNA 024884
Fig. 36. Multiple sequence alignment of the active-site motif found in the

characterized type I and type II mannose-6-phosphate isomerases with
mannose—6-phosphate isomerase from B. subtilis. Numbering represented the position
of the motif. Bracketed numerals denote the mannose 6-phosphate isomerase type.
Conserved residues are highlighted with a black background partially conserved

residues are highlighted with a gray background.

Mannose—-6-phosphate isomerase = 27 fold, 33% FE=ZA AAEHUL o]u] specific
activity & 22.5U/mg ©]dt}. AA ¥ mannose-6-phosphate isoemrase o] &A= oF
36.5 kDaollal S-300 A FA=uEIHIE native EAFHS =AH3I A3 36.5 kDao

monomeryd S &2l =AU HFig 37).

£
75- > 80

[

3 60

&
55— 5

3 40

K

[<]
40 - =
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S 20
35-

10 1 1
60 80 100

Retention time (min)

Fig. 37. PAGE analysis of the purified enzyme from B. subtilis. (A) SDS-PAGE stained
with Coomassie blue. Lane 1, molecular mass markers; lane 2, purified enzyme. (B)
Determination of molecular mass of mannose-6-phosphate isomerase by gel-filtration

chromatography.

2. L-Ribulose A2te] m|RA= 54, pH, 25 ¥ 2% R4 9%
Mannose—6-phosphate isomerase & =< o]=o] W3t EoJAS ZALsH] ¢35k, 10

mM EDTA & Hgsx 3% o2 (Mn® A%, Zn"" Ba®™ ,Cu®",Co”" ,Ca”" Mg®" Ni*" Fe* )<
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A7vete] REEAIZ - vhd ol A4S SASAT 1 A3, AAE maek EDTA A&
549 < Bacillus subtilis 32 mannose-6-phosphate
isomerase ° 23 RO~ o3t IAE (Co” )7t 7HE AHAHo|Ya s HAE 4
I HAsEE 0.5 mMo|Ath, T3 ZH7F9] L-ribose, D-lyxose, D-taloseE ¥ &3slo] =2
E, W3t vk, ofdell tidh affinityE 54 A 2479 sugar & ZUENA 7HE
P2 A3E = Uy (Fig 38).

ol

250
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200 - 100 -

589

N
B

150 -

60
100 -

Relative activity (%)
Relative activity (%)

40 -

50 -

oL LI

Gl il il il > w» b [l il
WS B g8 62 oo b ve w8 e W 8 L-Ribose

20 -

D-Lyxose D-Talose

Fig. 38. (a) Effect of metal ions on the activity of B. subtilis mannose—6-phosphate
isomerase. . (b) Effect of metal ions on activity of B. subtilis mannose—6-phosphate

i1somerase with different substrate.

B. subtilis mannose—-6-phosphate isoemrse ° 3t pH &35 A7 §8te], 7| 2d =
10 mM #ELA 05 mM FEHES 15 Uml =EA7F ¥3td 50 mM
piperazine—N,N -bis (2-ethane sulfonic acid) (PIPES) buffer& A}&3le] pH 6.5 A4 FH
7.5 W7HA] AAEta, 10 mM 2He2, 0.5 mM ZHESH 1.5 U/mt &47F £3tE 50 mM
N-(2-hyroxyethyl) piperazine-N-(3-propane sulfonic acid)(EPPS) bufferS A}&3}o]=
pH 7.5 458 85 WHAZHA &4 vhaS AT, FAA R, G403 40C°ﬂ’\1 20
T F Fdsta A HF 5% 200 mM 3t FAae FHUbste] ] vhes
23 Fig 39Ae] uepd mpel el H# pHE 7520 ASs AT 9}214. L2,
mannose—-6-phosphate isomerase ° W3t &% @IE FASH] 98y, & o
20CoA 50C HY7HA 10 mM gH22, 0.5 mM ZWES 15 U/ml &47F X
mM pH 7.5 EPPS buffer& A}-&3ke] 7b7} 20‘ﬂ sob s AAslt. 2
T 200 mM 23 A4S Hrrste A7) dbeS AXAIFT. 2 A, HA 2=F 40T Q
AL Sl n) | sk Hokg Al Eﬂo}oi Ask Axr ZzF 25, 30, 35,40, 45, 50TCAA
Hotg Aol Hko 2 Fol=i= AZFo] 461, 325, 236, 111, 56, 10A14S &1 &4 Utk
(Fig 39).
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Fig. 39. (a) Effect of pH on the activity of B. subtilis mannose-6-phosphate
isomerase. PIPES(@), EPPS(O). (b) Effect of temperature on activity of B. subtilis
mannose-6-phosphate  isomerase. (¢) Thermal inactivation of B subtilis
mannose-6-phosphate isomerase. 25(@), 30(l), 35(Aa), 40(0O), 45(1), 50T().

3. B. subtilis mannose-6-phosphate isomerase?] 7] 2 Eo]A

B. subtilis mannose—-6-phosphate isomerase? H] @4S RE vty e D-
and L-formel| tjste] AT H] &2 aldose 714d Fol L-ribosedl A 7Fg =3 1
U522 D-lyxose, D-talose, D-mannose, L-allose, D-ribose, L-talose, D-allose,
L-lyxose® L-mannose?] 4] ©|Q3l L-ribulose H| &4 ketose 7]& ¥uk olyz} &
Qe 2 SEY FoA 7 =il ketose Z]AEE 1 th2o®  D-xylulose,
D-ribulose, L-xylulose, D-tagatose, D-fructose, L-psicose, L-fructose, D-psicose %
L-tagatose?] =A1o]t} (Table 11). ©]# g Z3}+= mannose-6-phosphate isomerase”}
£ L-ribose A4 Eadh= AS AAg Aoty C2 2 C39 OH7F & WEFo= o] Fo
A aldose 7]&ES] o] @A oA ketose® HAEEJUTF. Mannose-6-phosphate
isomeraser= Y% S = (Fischer projections) C2 % (C39 OH7} #& Hgo g o]Fojxl
L-ribose, D-lyxose, D-talose, D-mannose % L-allose¥} 72 aldose 7]# & D-ribose,
L-talose, D-allose, L-lyxose ¥ L-mannose®} #2 QLEFHo= 2 wgoz o]Fofzl
aldose 7|2 Xt} ¢ Fo} s}ty o|# 3t A3+ B. subtilis mannose-6-phosphate 7} il
frek 1A 5ol S AUAS nlgitt. o] giol oA o= aldose—ketose ©]/d3t W
<S5 Fig. 40°] YErgt. o8 aldose9Michaelis—-Menten constants (K,), turnover
numbers (kea) R catalytic efficiencies (kea/Kwm) & Table 120 YWEFSTh B, subtilis
mannose—6-phosphate®] aldose®] W3t ko =X ka/Kn #8 A= 8] &4 =94 2
U kea/ Ktk L-Ribosedl Al 7} A9k D-talose, L-manose, D-allose % L-lyxose?]
kinetic parameter < ©F 1 umol min ' mg ' ©]&te] W& Fgo=m <late] AL F+ ¢l
21T}, Mannose-6-phosphate (770 mM ' s DY kea/Kn #H L-ribose (17.6 mM ' s h)
B}t 44-v) & AL o] @47} mannose—-6-phosphate isomerase¥dS ou3tt}, B
subtilis mannose—6-phosphate isomerase® L-ribosedl W3t ke./Kn 32 C. laevoribosii
D-lyxose isomerase®} A. missouriensis D-xylose isomerase mutant®] k../K, % Ht} &
He) =goh(zrzt 88- W 3.4x10°-)). 1elm=E B, subtilis mannose—6-phosphate
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isomerase® L-ribose©°l| tj3t
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ke Ky 32 H.31H L-riboseZ 3t a4
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Table 11. Specific activity and equilibrium ratio of B.subtilis mannose—6-phosphate

i1somerase for monosaccharides

Substrate Product Specific activity Equilibrium ratio
(nmole min 'mg ") (Aldose:Ketose, %)
Aldose L-Ribose L-Ribulose 225 £ 01 71:29
D-Lyxose D—Xylulose 165 £ 15 60:40
D-Talose D-Tagatose 10.1 = 04 991
D-Mannose D-Fructose 55 + 051 76:24
L-Allose L-Psicose 47 + 0.20 76:24
D-Ribose D-Ribulose 1.1 £ 0.04 85:15
L-Talose L-Tagatose 047 = 0.09 10:90
D-Allose D-Psicose 0.21 = 0.00 82:18
L-Lyxose L-Xylulose 0.16 = 0.00 75125
L-Mannose L-Fructose 0.09 = 0.00 83:17
Ketose L-Ribulose L-Ribose 918 + 32 2971
D—Xylulose D-Lyxose 609 = 09 40:60
D-Ribulose D-Ribose 84 + 0.28 15:85
L-Xylulose L-Lyxose 4.3 £ 0.20 25175
D-Tagatose D-Talose 24 = 0.02 91:9
D-Fructose D-Mannose 2.1 = 0.02 24776
L-Psicose L-Allose 2.0 = 0.06 24776
L-Fructose L-Mannose 0.53 £ 0.00 17:83
D-Psicose D-Allose 0.09 £ 0.00 18:82
L-Tagatose L-Talose 0.08 = 0.00 90:10
(IIHO CH,OH (I:HO (I'JHZOH
HOCH c=0 HO(IJH =0
{HOCH _, HOCH HHOCH _—» HOCH
HOCH HOCH HCOH H?OH
CH,0H CH,O0H éHZOH CH,0H
L-Ribose L-Ribulose ~ D-Lyxose D-Xylulose
CHO (|?H30H CHO CH,0H CHO CH,0H
fioeH ¢-0 HO(:ZH ¢-o HO(:?H ¢-o
HO?H —— HOCH HOCH > HOCH HOCH — HOCH
HO(I'JH HOCH H(‘ZOH H$OH HOC‘H HOC‘H
H?OH Hl’IJOH HC‘OH H?OH HOC|H HOC‘H
CH,0H CH,0H CH,0H CH,0H CH,0H CH,OH
D-Talose D-Tagatose D-Mannose D-Fructose  L-Allose L-Psicose

Fig. 40.
by B.
hydroxyl configurations at C2 and C3 of the sugars.

Schematic representation of aldose—ketose isomerization reactions catalyzed

subtilis mannose—-6-phosphate isomerase. The boxed structure indicates the

Table 12. Kinetic parameters of B.subtilis mannose—6-phosphate isomerase for aldoses
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Substrate K (mM) kea (s keat/ K (mM 1 571

L-Ribose 998 + 44 17585 + 670 176 £ 1.0
D-Lyxose 433 £ 3 7089 £ 78 164 + 0.1
D-Talose 469 + 31 3969 £ 150 6.8 £ 05
D-Mannose 946 =+ 7 3748 = 240 35+ 02
L-Allose 312 + 920 + 41 29 £ 02
D-Ribose 110 = 72 £ 1 0.6 = 0.01

B. subtilis mannose—6-phosphate isomerase® aldose % ketose H3& H| &S FA}E7]
A aAdk-sS HPN &S aEEo) ﬁﬁ: (120 U/ml), @& ¥H-3A|ZE (72—144 A7) <F
AE L2 (35C)2 339t HH| &S talose?} tagatosed HHL A sl EF aldose
Ik o 22 % 9-AHt}. L-Ribose®t L-ribulose ¢ Alo]9] HEF L 71:290 % Acinetobacter sp.
2 L-ribose isomerase®. @2 €2 H3 (70:30)7 A9 FAFsFH
4. L-RibuloseZ%-E] L-ribosed] A4t

B. subtilis mannose—6-phosphate isomerase 7} 2E QW3 SElFdo|A] L-ribulosecl
i3k Aol 7 =7] wi o] o] &4E L-ribuloseolA L-riboseE AAsl=d 2 &S
slEokth 4 F=rF 25 U/ml HEF GSuls g4 sxd upd 1 L-ribose A4k (A%
£)o] TV = A g 5 Aoy, 25 U/ml o) aasrr e Ao
golg 4= 9t 182 E 25U/mle] a4 s Eel 15-300 g/L«] t}eksl Fx9 L-ribulose
S A171 A3 300 g/LolA 7Fd we 9k L-ribose’} AskES ol sk 4= 9t}
(Fig. 41).

s

IS

A B

200 -

150 -

100 -

L-Ribose (gl/liter)
L-Ribose concentration (g/L)
Conversion yield (%)

0 1 1 1 1 1 0
0 5 10 15 20 25 30 50 100 150 200 250 300

Enzyme (U/ml) L-Ribulose concentration (g/L)

Fig. 41. (a) Effect of enzyme activity on the production and conversion yield of
L-ribose by B. subtilis mannose-6-phosphate isomerase. (b) Effect of substrate
concentration on production (@) and conversion yield () of L-ribose by B. subtilis

mannose—6-phosphate isomerase.

¢} e FAOS R B, subtilis mannose-6-phosphate isomeraseZE ©]-&3}% L-ribose
AAHS 913 time-course Hb-gS G853 Th (Fig 42). 243} 300 g/L L-ribulosef-H HES
3AIZE F-o 213 g/ €-L-riboseE o] AL AIxHF 71 g/L& Ho FUT

r; £

N
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Fig. 42 Time course of L-ribose production (O) from 300 g/L L-ribulose (@) by B.

subtilis mannose-6-phospate isomerase.
2) Geobacillus thermodenitrificans mannose—6-phosphate isomerase AF&

1. Geobacillus thermodenitrificans mannose—-6-phosphate isomerased] FAA E=2Y, ojw|x=4t
A va, A

G. thermodenitrificans® mannose—-6-phosphate isomerase (GenBank accession
number CP000557)2] encodingdt= FHAE (963 bp) 293 E. colelA L&A
g e aArs o2 g o Hi-Trap o] &gk chromatography = A A 8}
mannose—-6-phosphate isomerase += 8.7 fold, 78% F&=A AAHAL o]u] specific
activity & 890 U/mg ©|%ltHTable 13). A A¥ mannose-6-phosphate isoemrases+
SDS-PAGE® A &AFFo] 36 kDaolR1aL, o] A ofw|=it 3217] =58 A4HeE 36,452 Da¥t
AA sttt S-300 2 AZrtETDHIE native wAFS 543 23} 36 kDa2] monomer
= ol & = AATHFig 43).

l

Table 13. Purification of GTMpi

Step Totall TOFEQ Sﬁv)eciﬁc ) activity  Yield Purification
protein (mg) activity (U) (U mg ) (%) (fold)
Crude extract 300 30600 102 100 1.0
Heat treatment 111 25300 228 33 2.2
Hi-Trap 27 24000 890 78 8.7
Fig. 43. PAGE analysis of mannose-6-phosphate isomerase from G

thermodenitrificans. (A) SDS-PAGE stained with Coomassie blue. Lane 1, molecular

mass markers; lane 2, crude extract, lane 3, supernatant after heat treatment at 70C
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for 5 min, lane 4, Hi-trap column product (purified enzyme). (B) Determination of

molecular mass of mannose—-6-phosphate isomerase by gel-filtration chromatography.

2. L-Ribulose A%kl wlX& 44, pH, <& % 2= 434 IF
Mannose-6-phosphate isomerase ¢ =% oo st 5o]Ad& ZASH7] 918h4,
mM EDTA & Agsta 4 ol (Mn* AlI* Zn*" Ba® ,Cu™,Co”",Ca” Mg”™ Ni*" Fe* )<
A7vete] WA - v o]l A4S SASAT. 1 A3, EDTA AEd g4+ of
3

O
20% EAHS HYT  AYs 5% % G.  thermodenitrificans 2 ¢]
mannose-6-phosphate isomerase Oﬂ o8t R ¢~ o]Aste] FWE (Co’" )7} 7H axA
o]gj\_,j Ol,:_tﬂ Eﬂ/\E 7ﬂJJr _,4%4 = 1.0 mM ]341;}

300

250 -
S
: 200 -
3
‘S 150 -
2
E 100
[T}
14
50
0 "
o‘\“o\?p,(h o P W ¢ 0 10 W W
()
Fig. 44. Effect of metal 1ions on the activity of G thermodenitrificans

mannose—6-phosphate isomerase.

G. thermodenitrificans mannose—-6-phosphate isoemrse ©°] 3t pH &35 ZA}sH|
Qeley, 71424 10 mM gH2 1.0 mM IZZES 15 U/ml 47 X3%¥ 50 mM
piperazine—N,N -bis (2-ethane sulfonic acid) (PIPES) bufferS A}&3}o] pH 6.5 4 5-H
7.5 WA AASa, 10 mM BB 0.5 mM ZHES 1.5 Um 847F 3 50 mM
N-(2-hyroxyethyl) piperazine-N -(3-propane sulfonic acid)(EPPS) buffer& A}&3te] pH
7.5 FE 8.5 HAZMA Gi vk AT FAA SR, G243 70T 208
&t Fdsta oA HE % 200 mM @3t s HUbste] A7) wgS AAA Y. 1 4
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7 Fig 39Ad YeRd upe} o], HA pHE 7.5¢0 AL AT YA =3
mannose-6-phosphate isomerase ©°| o a o
60CANA 80T HHAZFA 10 mM ZH L 0

mM pH 7.0 PIPES bufferg A}&3} 744 204 &t ¥hES AASHT
T 200 mM @3t £2S #Hulele A7) WSS AXAHT. I A, HA Lx:= 70T
As gelaple; . gk debg ol diste] A A3 22 60, 65, 70, 75, 80CellA
orgAdo] wko 7 Foj=i= AJ7bo] 338, 73, 27, 17, 6A17tA S &l &= A TH(Fig. 45).

A B C

120 120

100
100 -

60 -

80 -

60 -

Relative activity (%)
Relative acitivty (%)

40 -

Relative activity (%)

20 -

40 I I I I I 0 I I I I I I I I I I I I
6.0 6.5 7.0 75 8.0 8.5 9.0 50 55 60 65 70 75 80 85 0 5 10 15 20 25 30

oH Temperature (°C) Time (b
Fig. 45. (a) Effect of pH on the activity of G thermodenitrificans
mannose-6-phosphate isomerase. PIPES(@), EPPS(O). (b) Effect of temperature on
activity of G. thermodenitrificans mannose—6-phosphate isomerase. (c¢) Thermal
inactivation of G. thermodenitrificans mannose-6-phosphate isomerase. 60(@), 65(0O),
70(w), 75(CD), 80T (M.

3. G. thermodenitrificans mannose-6-phosphate isomerase? 7|2 Eo|A

G. thermodenitrificans mannose—-6-phosphate isomerase? H] 84 & P& o8gdd &

o] D- and L-formell thslo] ZAFsISITh H] &4 aldose 712 T D-lyxoseol A 7}
& =9kal 1 v S92 L-ribose, D-talose, D-ribose, D-allose, L-lyxose, D-mannose,
L-allose, L-talose % L-mannosed <A ©|tHTable 14). o]gjs A=
mannose—-6-phosphate isomerase’} =2 L-ribose A2t @4gt= AS A A|gE Aot C2
2 C39] OH7F #& whgko & o]Fo]Zl aldose 7|2 E9] o] @Al 298] ketose® 7 &y
Tt D-lyxose?] Michaelis—-Menten constant (K,), turnover number (k.,) % catalytic
efficiency (kea/KE= 390 mM, 74,300 s ', 191 mM ' s 'o]20al L-ribose: 470 mM,
28,800 s ', 61 mM ' s o]t} D-Lyxose® ke/Kntte C. laevoribosii D-lyxose
isomerase®.t} 2.3¥] #1311  L-Ribose®] ke./Knik C. laevoribosii D-lyxose isomeraseX.
o} 3108 Zo. ¥ 22 G thermodenitrificans mannose—6-phosphate isomeraset™= &<

L-ribose producer®]t}.
Table 14. Specific activity and conversion ratio of GTMpi for aldoses
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Substrate Product Specific  activity (U mgfl)
D-lyxose D-xylulose 208 £ 1.2
L-rihose L-ribulose 82 + 0.5
D-talose D-Tagatose 77 £ 01
D-ribose D-Ribulose 71 + 0.3
D-allose D-psicose 63 £ 0.5
L-lyxose L—xylulose 60 =+ 04
D-mannose D-fructose 47 £ 0.1
L-allose L-psicose 28 £ 0.1
L-talose L-Tagatose 26 £ 0.1
L-mannose L-fructose 5= 0.0

4. L-RibuloseZH¥ L-riboses Ak

G. thermodenitrificans mannose—6-phosphate isomerase & L-ribose]A L-ribulose
29l Mgt A& HUtt. 10 mM L-riboseE AFE3te] 3A1ZF F-o L-ribose & 29%%
I:A}\T;]’(Flg 46)

L-Ribulose, L-Ribose (mM)

Time (h)

Fig. 46. Time course for the conversion of L-ribulose (O) from L-ribose (@) by G.

thermodenitrificans mannose-6-phospate isomerase.
3) Geobacillus thermodenitrificans mannose—-6-phosphate isomerase variant AR&
1. Error prone PCRE 93} cloning

Geobacillus thermodenitrificans mannose—-6-phosphate isomerase(©]3d} GTMPi)S ©]-&3}
o] L—rlbose/‘g”‘WFQ Fol7] ¢& A L& vector?] pTrc99ar AA| Aol EHH35 7]
His-taq¥©] A+ vectord! pET28a(Fig. 47)2 &AM A&7 =2 st FAAE %717
skl Ndel Xﬂ'?‘} a2 A 9 cloninge] HojAoF slr 2 /A ZERES Ndel site® HH101
Forward primerZ Azt E3F Reverse primerol| s EcoRI siteE 49 3te] cloning©l
golatA Azt ol FA A#E ZH7+e] primer(GTMPI_F: TTT CAT ATG GAC CTT
GAA CCG ATT TTT CTC A, GTMPi_R: TTT GAA TTC TTA TTT GCC TTT CCG

TGG CCA)E A}E3}e] PCRslaL, HES-o] 4 PCRAHES 1% agarose gel electrophoresis
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sto] gRlstal 5Z¥ DNAE geldlAl &85te] Gel Extraction KitE ©]-&3sto] DNAYE 3|4~
sto] pET28a vector$}t clonings %138} a}l o}

PET-28a(+)
a3sabs)

Fig. 47. pET-28a(+) vector map

2. Error prone PCR 3 ¥ 13} 23384

Clontech®] Diversify PCR random mutagenesis kit= ©|83}9] error prone< %133l
U}, PCRE o]83te] oF 2~37]¢] WHolE %3, WolE = PCR productE E. coli ER3566
o transformationd}$ith. 12} 27 8]92 cellit&S o] &35t A4S Qs WHo=R X~
A#gESYs] WHol7t dojt colony= LB 37TolA 500 rpmell A 12417 vfkatdar, =1

Ajuy ksl IPTGE 37TColA 500 rpmollA 10417k inductionﬂoﬂ\ﬂr g A wjekd
colonyE 10 mM L-ribulose& ©]&3}o] 70TCol|A 30+ wH&3 & 70% SH;F3} L-cystein
712]3l carbazoles ©]83}9] Ketose assay(Dishe and Borenfreund 1951)E % &3ste] wild
o vlaste] 1 g4 o] 1.68) o] & colonyE AEaGlth ol#HA 12 248d S &5t
D2 °F 5079 colonyE WAl AWstr] flal 23 ~42d S W8T

3. 2zt 2384

22k =423 507 w59 aawty vhgS g<lsr] Yl g ekgleh. LBell 37Tl 4
v oksltl7b cell OD7F 0.62 W 0.1 mM IPTGE ©]-&3le] 37ColA inductions 3o}, 1 &
50 mM PIPES pH 7.0 €59 Z7oA celle 253715 o] &359] crude 84 E 3
o] a1, o] Aol ImM Co” & Yoldor Yolx a4E 43} AT E coli Fdle &
LS AAS] 918 70TAA 107 DA EE ot Fi2<d ngﬂ Z
A AA NP AAE T FLgoR ¢E F ImM Co2
otH 3} A7t} 2 & 10 mM L-ribuloseE 7|2 = 70TeoA
&oto maAe g8 AHAAANZY. 1% Bio-LC (Dionex ICS—SOOO, CarboPac PAl
column)E ©o]-&3fe] EAsE ). olu] wilde]l H]&] L-ribosed Aol =& 7| (Fig. 48)
2 it} sequencing g F &t ((F)vta2A)) WHol7F B #7] 2 3Helskitt,

=

—_—

+
i

2

o il

Fig. 48. Selection of mutant colony
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4. Site directed mutagenesis

Relative activity (%)
Relative activity (%)
g

15

o

Error proneg ©]&3}e] Hol7lwl Z7]5E QuickChange site directed mutagenesis
kit(Stratagene)& ©]-&3ato] 2t sfite] wolA| XS wildeb vlas|A 1 FJr|EAle]
7het 2715 Adeqlth. 1Fol A L-riboseAhS $13 A ®lo] |2 W179F N9O,
L129 z7|& zokvh. 3 ol55 72 & 549 ofnx=Atom A S5 AlA 77 W17Q,
NOOA Z12]ar L129Fellq =1 &40l Ea< Felskelth. 18l olss 77 vlusgls ),
shel wWelAlel A= L129F7F 7hE & &5, 2719 WolAlol M= N9OASH L129F W]
7l 1 AR ga3E S0 = AL, o5 A4 W17Q, N9OA, L129F ®o| 317
oAl Hire] AU maRE 2l &) (Fig. 49)

il
o

350

300 —

250 -

200 —

150

Relative activity (%)

100

Fig. 49. L-Ribulose isomerization activities of the wild—type and variant

mannose—6-phosphate isomerases from G. thermodenitrificans.

5. G. thermodenitrificans mannose—-6-phosphate isomerase®] Wo|A| 2] L-ribosed HZ ZA F

%3}
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W17Q¢+ N9OAZ7]E double point mutations Fdste] F 717} double-site mutant
£ ¥t Mutant® L-riboseE Ul AAdst7] s HA ai vbg =3 HAH & 33‘8}03
G40 21E vasrfE wildek W17Q, N9OA® 3 HAHS %13
7t % pHE Zolrr] $18] 50mM PIPES ¢+F & o]g3te] 70T 2% W 10 %7& 10
mM L-ribulose$} #H&-3I3T. HA2E & AT w= wild-typee} WEglol pH7Z 70%7}
H AL geldteltH(Fig. 50).

r“~

300 300

250 -

|
T

250 —

N //\Q\u
150 b D//D\ﬂ\n
T oo - ‘/./*\;\‘

Relative activity (%)
Relative activity (%)

50 - 50

5.5 6.0 6.5 7.0 75 8.0 8.5 55 60 65 70 75 80 85

pH Temperature (°C)
Fig. 50. (a) Effect of pH on the activity of G thermodenitrificans
mannose-6-phosphate isomerase and its mutants. (b) Effect of temperature on activity

of G. thermodenitrificans mannose—6-phosphate isomerase and its mutants.

L-Ribose A4S #Jsto] 2:=etggel v AdS APt 550128 AP YA A}
2ol wild-typed 7122 7} 170(L129F), 270(N90ASH L129F) 183 370(W17Q, N9OA
¢t L129F)9] ®olA59 nas 7|Eow A Eolzton b 60%FH 80&=dlA 1243k
T Aas WA § AL S SASI ol 7MY 2 29 80%lAM 7+t 10%,
13%, 26%, ZLE]il 329%™ #Aashe AFE 6—; - %214. L2 S wild-type >

single—site mutant > double-site mutan

o 8
_>.:
o{w
S«O
o
2
=
0Q
(@]
-

350

Relative activity (%)

60 65 70 75 80

Temperature (°C)

Fig. 51. Thermostability of the wild-type (@), L129F ((J), N90OA-L129F (H), and
W17Q-N90A-L129F (O) wvariant mannose-6-phosphate isomerases from G.
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thermodenitrificans for L-ribulose isomerization.

A EL wild-types 7|2 7 170(L129F), 27§(N90AS} L129F) Z18]a 37§(W17Q,
N9OA®} L129F)9] ®lolA 59| HlwAF S S8t L-ribose B4k A Atzns Fe= A
A Adsilh. 7HF WA o] @i T =5 o] gEAGES ZraglT] "ol 7]E
goldldd AFES nfgow Ao A F&Eol&¢l Co™, Cu™", Mn™" 9] 7+ HZF

of o&EAQ FAYUS sl wild-types 7+
= Aldeds W A wild-typed}t 22
2 7%0°]22 N90OA mutantollX &7} £3ko
U sEEQ 7 9o= double-site mutant > single-site mutant > wild—type A2 &3}
=9I} (Fig. 52a). E3F L-lyxoseo] tist &4 7 9o+ wild-type > single-site mutant >
double-site mutant &A= 37} oY, L-riboseo] gt &4 7d-o= double-site
mutant > single-site mutant > wild-type &A= &37} FUtH(Fig. 52b). L-ribose°] o]
g Aol S EE 99T 5 7PY 2o =d L-lyxoseo Wt &/do] wolx= A
< 7|d 5ol WstE HoFe= Aot

7} wild-typeS 7|92 ZF 170(L129F), 27H(N90AL} L129F) 183l 37F(W17Q, N9OA<}
L129F)2] ®WolAlE2] L-ribose A& S pH 7.0, 70Col|A L-ribulose 300 g/LE o] &3}
o] 1 mM Co” ¢ 7} 2 mg/ml9] enzymeS o]&3te] A& WAk ol BF o 70 %
9] L-riboseAtS Holn Z+7t wild-typed 270%9] 213 g/LE AAF 170(L129F) ol A=
180+, 270(N9OAS} L129F)¥olAl= 90% 1lal 370(W17Q, N9OAL} L129F) ®WolAl+= 60
ol B AbstE W'l s Ho Aol Zhzb 47, 71, 1423} 213 g/L/h2 370 WolAl=
wild-typeoll °F 4.5 FoldE& &led 4 AUt (Fig. 53)

T ImMelA 2 A48 APsSi) o]
2 =99 S50 575 o] &35l

3L AN -

o [m [o of

4
%2,

30 o
=1
ok

AN 71 B B Bl

=

Substrates specificity

120
500
N | -Lyxose
- wild [ L-Ribose
— wirQ 100 - [ D-Talose
400 - EEE N9OA .
= [ Double mutant X
& S sof .
2
£ £
2 2
5 S 6o
o 3
s 2
w® —
Tﬂ; E 40
12
20
0 y L1
Control EDTA Co2+ Ca2+ Cu2+ Mn2+ Ni2+ Wild w17Q N9OA  W17Q+N90A
Metal ions Sample

Fig. 52. Effects of (a) metal ions and (b) monosaccharide on the activity of GTMPi.
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L-Ribose (g/liter)

0 Il Il Il Il Il Il Il Il
0 30 60 20 120 150 180 210 240 270

Time (min)

Fig. 53. Time course reactions for L-ribose production from L-ribulose by the wild-type (@),
L129F (), N90A-L129F (M), and WI17Q-N90A-L129F (O) variant mannose—6-phosphate

isomerases from G. thermodenitrificans.

4) Thermus thermophilus mannose—6-phosphate isomerase ¥ I variant A&

1. Metal o] g &3

29 kDa monomer$Q! Thermus thermophilus mannose—6-phosphate isomerasex &3 ©]
2o WE EolHdS xAlelr] fstel, 10 mM EDTA £ A & ol
o

(Mn**,Zn*" Ba®*,Cu®",Co™" ,Ca”" Mg*" Ni*" Fe’" )& #7}slo] WheA17l 5 thg3} o] A<
SAstgd. o Ax, Adst 359 5 Thermus  thermophilus e
mannose-6-phosphate isomerase © 9|3t 2B 9~ oA sto] F7] (Cu™ )7} 71 &34 o]

2 3L(Fig. 54a) =¥ HAE A3 HAYs== 0.5 mMo|AtH(Fig. 54b).

A B
120 700
100 - 600
9 & s00f-
z o z
S el E
2 @ 300
5 8
& f & 200-
20¢ 100 -
0 1 1 1 0
0.0 0.5 1.0 15 20 Cd(‘“o\@‘h CU WO CO fe 10 C2 WO g2 W
Cu® concentration (mM)
Fig. b54. (a) Effect of metal ions on the activity of Thermus thermophilus

mannose-6-phosphate isomerase. (b) Effect of Cu* concentration on the activity of

Thermus thermophilus mannose-6-phosphate isomerase.
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2. 2=9} pHel i3t a3t

Thermus thermophilus mannose—-6-phosphate isoemrse ©| ™3l pH &35 ZASH] ¢
gte], 7]HE4 10 mM X~ 05 mM T 425 Uml 47 2FE 50 mM
piperazine-N,N -bis (2-ethane sulfonic acid) (PIPES) buffer& A}-&3}o] pH 6.59]4%-F
7.5 WA AASaL, 10 mM g HEe2 0.5 mM FEleF 42,5 U/mb &47F £34H 50 mM
N-(2-hyroxyethyl) piperazine-N -(3-propane sulfonic acid)(EPPS) buffer& A}&3}e] pH
7.5 FE 8.5 HAZMA EA wheS AAEAT. 1 A3 HA pHeE 7.0% As el
T AT =3 mannose-6-phosphate isomerase © W 2% @5 FALE7] $5HA,
A S 2% 60ToA 90T ¥7HA 10 mM 2lHe 2 0.5 mM 789 425 U/ml &
7 23¢ 50 mM pH 7.0 PIPES buffer& AR&ste] z47} 5 &t Rbg-3S AA[SIH
A, HA 255 75 T S AL et =3k dbddol diste] A+ 243 dA
] =& Algke] 247} 65, 70, 75, 85, 90°C °lA 22, 10, 5.5, 2.1, 0.3 AlZH
s} 21 oHFig. 55).
3. Substrate specificity of Thermus thermophilus mannose—6-phosphate isomerase

Thermus thermophilus mannose—6-phosphate isomerase 9 specific activity &= &=
eadd Sede] gt S4& gy B dE= 7)™ tiste] specific activity =
D-talose®l Al 7Fg =941, o]oj4 D-mannose, L-allose, L-ribose, D-lyxose, D-allose,
L-talose, D-ribose, L-lyxose, L-mannose =22 A zko] YUkt (Table 15). 3t AE
= 7149 tistel= L-ribuloseol X 7}F4 ¥ specific activity @kl vt 1 Az}
Thermus thermophilus mannose—6-phosphate isomerase+= L-ribose AAtel] wj-$- ZFA=

o A= dholH Au7tA Hid 54 T 7MY 2 @4 A

TTMPI (pH)
110 120
100
100

—~ 0|
g g =
> L < 80 S
£ 80 2 2
S 7R S & 3
2 2 2
£ 60 2 H
= = 5
oy S 4 s
T 5 ©

wf 2

30 1 1 1 1 1 1 1 0 1 1 1 1 1

55 60 6 70 75 8 8 90 95 6.0 65 7.0 75 8.0 85 9.0
Temperature (C°) pH Time (h)

Fig. 55. (a) Effect of pH on the activity of Thermus thermophilus
mannose-6-phosphate isomerase. PIPES(@), EPPS(O). (b) Effect of temperature on
activity of Thermus thermophilus mannose—-6-phosphate isomerase. (¢) Thermal

inactivation of Thermus thermophilus mannose—6-phosphate isomerase. 65(@), 70(H),
75(a), 80(0), 85T (M.

Table 15. Specific activity and equilibrium ratio of Thermus thermophilus
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mannose—6-phosphate isomerase for monosaccharides.

Substrate Specific activity (U/mg)
Aldose  D-Talose 1618.8+2.1
L-Talose 63.4+1.6
D-Allose 165.1+2.1
L-Allose 741.7£4.5
D-Mannose 841.7+0.5
L-Mannose 19.1+£0.1
D-Ribose o7.7+0.1
L-Ribose 425.4£3.1
D-Lyxose 333.3¥1.4
L-Lyxose 22.6£0.2
Ketose  D-Ribulose 126.3+1.9
L-Ribulose 1493.4+5.7
D-Xylulose 128.0+£3.4
L-Xylulose 22.0=0.2
D-Tagatose 84.8+0.6
L-Tagatose 16.3+0.1
D-Fructose 167.1£0.1
L-Fructose 06.5+0.0
D-Psicose 2.7+0.0
L-Psicose 41.8+0.9

4. T. thermophilus mannose-6-phosphate isomeraseE ©]€3} L-ribose & A4+

T. thermophilus mannose—-6-phosphate isomeraseS ©]-83}¢] L-ribose? ¥ % AAHS
Aste], @40 HA pH 7.0 2 a4gAgo] Artow Fo]E AE nHF 2&=(75 T)odlA
300 g/L L-ribulose=4-E] L-ribose®] A3 ArbaEs SASte], whg 2.5 A3 $o 213
g/Lel L-ribose7} AAtE o] A7t 85.2 g/Le] AAAEH 25% HeraES e ATHFig.
56). @A7kA] L-ribose® A4t 5 7Fd & A S UERA A& Molybdic acidE AFE-gH
s}l L-arabinose =HH 23% A& AE 20 g/L S WERAAL
Bacillus subtilis mannose—6-phosphate isomerases& A}g3}e] 300 g/l L-ribulosef-H
Hbg 3AIRE Foll 213 g/L L-ribose® o] A A 71 g/Ls Ho FALh
T.thermophilus mannose—-6-phosphate isomerase® A& Molybdic acidE AFg3F 3}
st AW 3L Bacillus subtilis mannose—-6-phosphate isomerase @494 €& ZAi wr} 7t
ZF 4.26M9 1169 & Z3E veElde] oA By A=A L-ribose AAtelA 7HE

Fo A R Aol
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Fig. 56. Time course of L-ribose production (O) from 300 g/L L-ribulose (@) by 7.

thermophilus mannose—-6-phosphate isomerase.

5. Selection of residues related to increased activity of L-ribulose isomerization by molecular
modeling and Ala substitution.

T. thermophilus  mannose—-6-phosphate isomerase ¢ L-ribulose ©]A3} Hk-g-of] &
= 7] A¥ES 9%t homology modelol]l L-ribuloseE dockingst{th 143}
L-ribulose %< 4.5 A We z7]7} R11, W13, L18, K37, L39, Q48, H50, K65, E67,
W69, H122, L124, E132, D138 % R142%0S& =lskivh. o] 157k4 :71E L-ribulose ©]
A3l Ao BAEE TR Fr)2A APEsiA FHodoh o)#st @) dse FHEly] 95
WA b AS ada, 77t Selwe] mal wud 9 A4S &g 27t wild
type @49 5dAWe] @45 L-ribulose ° tste] &A
2la o 5= H50A, E67A, H122A 2 E132A &4 %Oloﬂﬁ
o R 2 g8 EdWo]l a4o|A L-ribulosee]
st shxRE R142A & AolA 1.29)e] &40l F7}8t
16). o] R142 717} L-ribulose®] &3¢ F&FE =5 At S 45

6. Kinetic analysis of the wild-type and R142N mutant mannose—-6-phosphate isomerases from
T. thermophilus.

R142 2719 48L& £ T3] Aste] 247 ofsstez), SFERY, Bhol 24, AL,
a3 eelon EAMlE § 2 2

wakoleh, 7Hzhe] mae AAE 8h3lal, L-ribuloseo] dis)
o 97} &4 FHY kinetic studyE T35t 243 FuFA%E R142N EdWo] a4
A specific activity, catalytic efficiency 7} wild-type®] H]3jA 7} =2 S &Add 4
AN THTable 17).

o] 7]¥& RI142N E<¢1W0](579 mM 's ") 7} L-ribulose © w3dle] T. thermophilus
(375 mM 's™Y), B. subtilis (43.5 mM 's ™)), and G. thermodenitrificans (152 mM 's™') ]
°] mannose isomerase Xt} Z}Z} 1.5, 13.3, Z128]al 3.8 v =2 catalytic efficiencyE X
At} o] RI42N =dWo] @A+ dA L-ribose HAdaiolAd 714 ¥ catalytic
efficiency® RS ER1sIglth. ojoluf2 A4S FE3t7] St 4 RddS 334
¥ wild 9] o}27]d3} L-ribulose?] A7l 5.6 A Yol whe] EdAWo] g4 o] ofauelyly
L-ribulose®] A&7} 3.8 A 224 A7t Add] 779 dS &8skl (Fig. 57).
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Table 16. Specific activities of the wild-type and alanine-substituted mutant enzymes

of mannose—6-phosphate isomerases from 7. thermophilus for L-ribulose.

Enzymes Specific activity (U/mg) °
Wild 1,493 + 25
R11A 1,482 £ 45
WI3A 838 =+ 30
LI8SA 1,194 £ 42
K37A 474 + 12
L39A 1,065 = 60
Q48A 1,016 + 90
H50A -°

K65A 1,011 £ 60
E67A -

W6E9A 1,046 £ 30
HI122A -

L124A 1,076 £ 45
E132A -

D138A 972 + 45
R142A 1,791 = 13

Table 17. Kinetic parameters and specific activities of the wild-type and mutant

enzymes of mannose—-6-phosphate isomerases from 7. thermophilus at position 142 for

L-ribulose.
Enzymes Specific acFiVity K, (mM) Keat (87 o for
(U/mg) (mM ! s h
Wild 1,493 + 25 136 = 4 50,644 + 709 374 + 11
R142A 1,791 £ 13 184 £ 5 64,873 = 908 393 = 11
R142N 2,162 + 37 140 = 4 81,063 + 929 579 + 18
R142Q 1,270 £ 12 150 + 2 48,300 + 523 322 £ 6
R142K 1,214 £ 18 228 £ 6 68,877 + 964 302 £ 9
RI142E 1,045 + 11 151 £ 5 32,666 + 536 216 £ 8
R142Y 1,092 + 10 308 £ 6 56,178 + 865 182 £ 5
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Fig. 57. Docking of L-ribulose into the active—site of the wild—-type and mutant
enzymes. The yellow, blue, red sticks represent L-ribulose as substrate and arginine
and asparagine residues at position 142, respectively. The dashed line was distance

between residue and substrate. The figure was produced using PYMOL.

7. T. thermophilus mannose-6-phosphate isomerase wild type ¥ R142N EdWo|E o] &3}
L-ribose ¢ A4t vl

T. thermophilus mannose—6-phosphate isomerase wild type ¥ R142N E¢€wWo] &4
o]-g3&to] L-ribose] At HluE sttt 2 A3} 7085 R142N =AW 45 o
3k 7219 L-ribuloseZ5FE L-ribose® Z3r+Eo] 64% =A wild-type 42 51% HT}
13% =+< stAth(Fig. 58). ol #Al ®Wil # L-ribose At a4E FolAd T.
thermophilus mannose—6-phosphate isomerase wild type ¢ L-ribose A4t&o] 7} =&
AS 7ret st Swl, T. thermophilus mannose—-6-phosphate isomerase R142N =<¢ Wo]

A

=
e @A B ¥ L-ribose At 54F 7MY & 2A4S 7R aagta & ¢

oy

80

Conversion yield (%)
5 3
T T

N
5}
T

ok 1 1 1
0 20 40 60 80

Time (min)
Fig. 58. Time courses of L-ribose production from L-ribulose to by the wild-type (@)
and R142A mutant (O) mannose-6-phosphate isomerases from 7. thermophilus. The
reactions were performed in 50 mM PIPES buffer (pH 7.0) containing 10 mM
L-ribulose, 70U/ml of enzyme, and 0.5 mM of each metal ion at 70°C for 70 min.
Data represent the means of three experiments and error bars represent standard

deviation.
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5) L-Ribulose®|A] L-ribose A2+ vl

71 Eeke] B Ao 9 L-ribuloseol A L-ribose Ak A 9] kinetic parametersS H|]xl
33t} (Table 18). Mannose—-6-phosphate isomerase®| triple—site variant®] catalytic
efficiency (kea/Km)+= wild-type, single—site, and double-site variant &4 kea/KndtE T
zZyzy 7.1, 4.9 2 1.29 =k31, B. subtilis wild-type, T. thermophilus wild—-type 2 T.
thermophilus R142N variant @4Xt} 217} 26, 3 2 28] &4t}

Table 18. Kinetics parameters of the mannose-6-phosphate isomerases from B.

subtilis, G. thermodenitrificans, and T. thermophilus in the conversion of L-ribulose to

L-ribose

Microorganism Enzyme type El;ecr)np. {;”M) éfs@l) éfs@{}ilnl\/[*l)

B.  subtilus Wild-type 40 849 3,694 44

T.  thermophilus Wild-type 75 136 50,644 374
R142N 75 140 81,063 579

G. thermodenitrificans  Wild—type 70 149 23,546 158
L129F 70 243 55,123 227
N9OA L129F 70 89 85,715 965
W17Q N90OA 70 100 112,098 1,120

L129F

Xﬂ 4 A L—Arabinoseoﬂ}ﬂ L—ribose /\gﬂ-

1) L-Arabinose isomerase 2} mannose-6-phosphate isomerase?] A}-&

1. L-Arabinose Z%-E L-ribose A& $13 Geobacillus thermodenitrificans §2¢] Arabinose
isomerase (AI) ¢} mannose-6-phosphate isomerase (MPI) ¢ 3% H|& A 3¥

L-Arabinose Z=H-E L-ribose AAtellA FaAY ai% WS o857 fste] A9
MPI®] &34l Unit H&S ¥7|9ste] Al o MPI®] &4 (8 U/ml Al and 20 U/ml
MPD)  rangeE 10:90 to 90:10 (v/v)Z st 33} th(Fig. 59). 1 23 HZ L-ribose
AAFS 50:509] volume B &olA #ZE a1, olw] A unit U] S-S ALMPI 7} 1:2.5°]At}.
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80

=
S

LA e o Ny T

L-Ribose, L-Ribulose (g/liter)
n IS

0 1 1 1
0 5 10 15 20

MPI (U/ml)

L 1 1 1 I}

8 6 4 2 0
Al (Ulml)

Fig. 59. Effect of the ratio of Al to MPI on L-ribose production from L-arabinose by
the purified Al and MPI from (. thermodenitrificans. Symbols: L-ribose (@) and
L-ribulose (H).

2. L-Arabinose =Z%E L-ribose AiS ¢

9 L-Arabinose isomerase (A) ¢
mannose—6-phosphate isomerase (MPI) ¢ &3 unit

g

3} L-arabinosed| 712 FXxo| Uig a3}
obAl Ak HA unit HlE (1:2.5 = ALMPDS w22 500g/L9] L-arabinose® ©]-&-3}o]
kst Fm=o Al 9 MPI (0.4:1.0-9.2 : 23U/mDE &3 A¥} 8U/mle] Al®t 20U/mle]
MPIol A HA A “dalglrh. w8k 7|d% %o wE  L-ribose A2S 27] 931
15-500g/L.¢] L-arabinoses AF&3lal 8U/mle Al¢} 20U/mle] MPIE ®H$-3l Ax 500g/L
oA 7HE =& ALkE s tH(Fig. 60).

N
S}

o
S}

®
o

N
o

L-Arabinose, L-Ribose, L-Ribulose (g/liter)
N
]

L-Ribose, L-Ribulose (g/liter)
@
3

MPI (U/ml) 0
| | | | | | 0 100 200 300 400 500

4 6
Al (U/ml) L-Arabinose (g/liter)

Fig. 60. (a) Effect of enzyme concentration on L-ribose production from L-arabinose at
the optimal unit ratio (1:2.5 of AI:MPI). Symbols: L-ribose (@), L-ribulose (H), and
L-arabinose (O). (b) Effect of L-arabinose concentration on L-ribose production.
Symbols: L-ribose (@) and L-ribulose (D).

3. L-Ribose Production from L-Arabinose Using Purified L-Arabinose Isomerase and

_53_



Mannose-6-phosphate Isomerase from Geobacillus thermodenitrificans

8U/ml2] AI®} 20U/mle] MPIE o|&3sle] 3AI7F &<t time-course WSS 33t ZAi}
500g/L2] L-arabinose®Z%-E] 3A|3F & 118 g/L9] L-riboseE &5 4 Ao} ol g
T8 236 %, ANES 393 g1 h' o]tkFig 61).

5000

400

300

200

L-Arabinose, L-Ribulose, L-Ribose (g/liter)

Time (h)

Fig. 61. Time course of L-ribose production from L-arabinose by the purified Al and
MPI from (. thermodenitrificans. Symbols: L-ribose (@), L-ribulose (H), and
L—-arabinose (O).

4. Reuse of the immobilized Al and MPI from G. thermodenitrificans for L-Ribose production
from 100 g/L L-arabinose.

GlutaraldehydeZ& ©]-&3}9] cross-linked 45 A %3 3 L-ribose ko] o]-&3}3 ).
IAs E @4 9 HA batch Fo|%= L-arabinose®4-E L-ribose AAko] 20% o]4e] A

3 58S BYrh 20 A batch ©]F = 43%7F 7rASHE AL SQ13 4 9l TH(Fig. 62).
ol&= uAZE Folo] AAEI F4AS HA BT ¢ g, aA-HI} §h9 o] &S L-ribose
Aabo] A Aol HestA AHgE 4 A= AAHS gl = ¢

L-Ribose (g/liter)

0 5 10 15 20

Batch reaction (Number)

Fig. 62. Reuse of the immobilized Al and MPI from G. thermodenitrificans for L-Ribose
production from 100 g/L. L-arabinose.

2) L-Arabinose isomerase ¢} mannose-6-phosphate isomerase’} 3@ whole cell A}
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&
1. pTrc99a-GTAI 2 pTrc99a-GTMPI® whole cell ¥+

Geobacillus thermodenificansZ%-¥ 53 GTAI % GTMPIFAAE 7HAa A+
pTrc99a-GTAI/ER25663} pTrc99a-GTMPI/ER25665 At-&-3te] 379 ﬁﬁﬁ}% a7
Ve 9El wetdEle] whole celle AR&StA: a9 &A& whgAdo] =X Flskaitt. 5
mL LB/amp brothol|4] 37T, O/No.Z 7] ths 500 mL LB/amp brothel| 74 37Tl A
O0.D.7F 0.6 7 1.0AFo] 744 Abet s wiestitt. O.D.7F 2 Aol 7bA] Abgh & Er‘ﬂélﬁ T Al
7171 91t HF F=7F 1 mMo] HX=% IPTGE H7bste] 4A7FS F7F2 v gslit). 44
Zkol A 2o 8000rpm, 4T, 20&5<¢t cell harvestste] wet cells 533tk o] 2 A
42 GTAI wet cell¥} GTMPI wet cell& Z7 200 g/L7F ¥%=% 50 mM PIPES, pH 7.0
bufferol] @EE Utk L-arabinose W¥hgol AREsEH. HF sX7F 100g/L7F HE3
L-arabinoseE 7]d & 3}e] 70C, 50C, 37CY wrg2moA Z+Zt 10 g/ GTAI wet cell
uk A}8-3}al, 10g/L GTAI wet celld} 100 g/ GTMPI wet celle &%3sle] AF-83lo] whole
cell& AR&staleuo] wheA 2 2o g vha5S &2l s tH(Table 19). W5 TE5&
Aste] 2M HCI= ARS-38ke] HF 0.2 Mo H == H7ksksi

o|N

[l

¢

'_11_.

Table 19. Composition of reaction mixtures

70°C 50°C 37¢C
L GTAI + GTAI + GTAI +
GTAI GTAI GTAI
GTMPI GTMPI GTMPI
400 g/L
] 100 100 100 100 100 100
L-arabinose
200 g/ GTAI wet
20 20 20 20 20 20
cell
200 g/ GTMPI
- 200 - 200 - 200
wet cell
50mM PIPES,
280 30 230 80 280 80
pH7.0 Buffer
Total vol. (uL) 400

)
L
<
N,
[o

Whole cell& AHE-3t = Ex2= Al Nde ARSsksle wek v Ayt usk
o BA BES AAA Fote T2 aHE & F & Zlolth. L-arabinose’t TAHA
L-ribulose®Z H3t==d] 2}83l= GTAI®} L-ribulose”’} L-ribose® #3& =4 283t
GTMPIZ}F B5 2R&etal laS GTAIRE ARgsto] A3sh Al GTAISH GTMPIE Z#s)
of Abg3 A nlagozs 3l & 4 AAh(Fig. 63). Whole cell GTAIW AR8-3ke] 1k
5398 ul, L-arabinosei= 70TColA oF 15%A %= Hgto] M F L L-ribulose’} ¢F 15%
AR Fleditt. 2=7F Yobgo] w1 HskEE B S-S o] Yole skttt o7
ol whole cell GTAIQ} whole cell GTMPIE &3 3te] AM&3ste] WH-3-313lS W, L-arabinose
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T 70CeA oF 25%7FA] 3ol HgEE A glsiglal, GTMPIZE L-ribuloses
L-ribose® HZA|AAM L-ribulose®} L-ribose’} ¢ 25%7FA] AAFHAH S &4 4 AUt
o] & %3] GTAI®H GTMPIZF E%F whole cell FHdME ZE8S & 4 g3tk &2 A
J3k GTAI®F GTMPIZ A8 ¢ XU} L-arabinose? A3t w7} Br]= 3y o]= v &
z79 Wsts Fsto] NAE s AHolvh

A B

N

p

L-Arabinose + Al L-Arabinose + Al + MPI
100 @~

o
o —_—
o A —_—————
o

90

80

70
30

Area %
Area %

20

S —e— 70T
_ <O BOT

" O i - —w—- 37C
o ——— A——————— AT —&— 70T

Y RS S — : O 50T

0 60 120 180 240 300 360 180 240 300 360 —A— 37C

TIME (min.) TIME (min.)
Fig. 63. a L-Ribulose production from L-arabinose by the immobilized G

thermodenitrificans containing Al. b L-Ribose production from L-arabinose by the

immobilized G. thermodenitrificans containing Al and MPI.

2. Expression vector pFRPTZ¢] Cloning
A A vector?l pTrc99as AlF Aite] ALgo] BE7Ig o= olE Al A|leF 535 XA
1E vectord pFRPTZ $AA AFES7IZ &tk fHAE %717] 918k Ndel A|g a4
QA cloning®] HojAoF sl 2 /A ZE=H-ES Ndel site® vFo] Forward primers Al
25k o), =3 Reverse primerol = Hindlll siteS 4435t cloningol &o]stA A 2FsF3i T}
ol AlFeE 7+7+e] primer(GTAI-UP2: TTT CAT ATG ATG CTG TCA TTA CGT
CCT, GTAI-DOWNZ2: TTT AAG CTT TTA CCG CCC CCG CCA AAA, GTMPI-UP: TTT
CAT ATG CAT CAA GAA CCG ATT TTT CTC, GTMPI-DOWN: TTT AAG CTT TTA
TTT GCT TGT CCG TGHE AM&3le] 94CelA 30%, 55ColA 30%, 72CelA 30%9]
271 303 HHESIe RESAIFTL Hk-go] Zu PCRAHES 1% agarose gel
electrophoresisdte] 8<213}al 5E5 DNAE geloA F32]3F9] Gel Extraction KitE ©]&3}
o] DNARE 2]5=&} 3l th(Fig. 64).
M Al MPI

Fig. 64. PCR ampilcation of DNA
olgl A 34 DNAE <7F cloning vector?l pGEM-T easy vectorel] 4F¢d3le]
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pGEM-AI®} pGEM-MPIE A|2sk 3 E. Coli DH5a straino] & HAEA| AT 25pug/mL
ampicilling &3t LB s dujxe JAHAFE Exsta, AFe clones 5344
FH7 85 pGEM-AI/DH5a¢t pGEM-MPI/DH5aE 7H2F 4tk 183 pGEM-Alx= #7112}
o] Ndel siteE AUl JorZUiAaZ=o2RE 2k 1000bp ¥*]), WA pGEM-AIZ
ATE A HindllZ AHgste] dd & A3 &4 Ndel©Z partial digestiong o] size
1494bpe] Al dAHAE 353t vHFig. 65). pGEM-MPIE A3 &4 Ndel#t Hindll=
digestiond}t®] size 963bpe] MPI Z#HS 3|43} t}.
A B C
M Al M Al M MPI

Fig. 65. a Partial digestion pGEM-AIL. b Recovery of Al fragment. ¢ Recovery of MPI

fragment.

olgAl Ag gaE Addte] AL ZAZ+e] s insert DNA A& Agh & Ndel
Hindlll2 Ad3k 24 vector pFRPT Z# ¥} ligation mixtureE W= tE. T4 DNA ligase
= HU7IEt] 2EE 16CE #X 3 water bathollA 3A7F o4 ligationdte] pFRPT-AIS}
pFRPT-MPIZ xHo}S’iﬁ‘r(Fig. 66). = ¥ E. Coli IM109 strainel #¥d H3AZT}h 25

g/mL kanamycine $H3t= LB st 3R] FAXASTE LS, AHS3 clones F
535t JAHAET pFRPT-AI/IM1099 pFRPT-MPI/IM109E 77t L 3lt).
A B

‘‘‘‘‘‘
\\\\\

PFRPT-AI
7833 bp

tapromor_ o
’ pFRPT-MPI -

7302 bp

nnnnn

PBRIDY rop o

Fig. 66. pFRPT- AI vector map. b FRPT-MPI vector map.

A Ak 5 By 2 vector?l pFRPTE DNAE &74A A&3s pFRPT-AI/JM109%}
pFRPT-MPI/IM109° A wuld drgdo] AthE =% Z<lat7] fsto] Z47+e] 55 5 mL
LB/kan brotholl A 37C, O/Ne.& 7] t& 500 mL LB/kan brotholl %741 37CelAl O.D.
7} 0.6 7 1.0A}o) 74A] AHeb=E v okslith. 0.D.7F L Aol 7bA] Abek 3 gl A S Wk A7) 7]
8t HF Fx=7F 1 mMo] HEE IPTGE H7bste] 4A17FS afgstsith. &= 19413714
F7 = v sty ZHzE o] Eu the 8000 rpm, 4T, 20%5¢F cellS harvestst$itt.
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71 4w}, pFRPT-AISH pFRPT-MPI thuj o] @8-S 215kl thFig. 67).

Al MPI
M 0 419 04 19

&Q,L

-‘& -

Fig. 67. Expression of Al and MPI using pFRPT-AI and pFRPT-MPI.

3. Whole cell GTMPI ¥+& %A

Geobacillus thermodinitrificans mannose—-6-phosphate isomersase(GTMPI) wet whole
cell& AF&38te] L-ribuloseZ4-E L-ribose® ‘346} —’F 2t} wet whole cell GTAI®] HHg
2715 712 5l wet whole cell GTMPI®] Hb&-& A3} & 4 v 21& S48
t}. wet whole cell GTMPIZ 400 g/L7} Y =& quﬂ—roﬂ =2l % 30% &9t sonications
E5to] celle 3333t o2 A A% sonicated cells L-ribose A4 ¥Hg-o AF&313IT],
L-ribulose stocke AA column AAZ ¥ 97.25% HPLC %5 7}*|+= L-ribulose
yellow syrups AH&3te] 400 g/L7F ¥ FHol =9l § AR&ak3ith.

(1) &%o & a3
Wet whole cell GTAIZ AF&3F WkE-2 100 g/L L-arabinoseE AFg3le] 707 ol A

3= ettt A% o2 wet whole cell GTMPI] =%o] W& &35 &<ls}7| —,40]—
o] 100 g/L L-ribulose, 300 g/L sonicated GTMPIE AF&3to] 40, 50, 60T A W5 2
NS A, 27) e SEE LR ¥S4S WY ARG ¢ 4 AT 2E,
S AZF HESS A 7IHE 60TCAAY HH-SL 4A7F o]x 2 HF o] Tudstal 40, 50T
Aol Hb-8-o MM F7Iste] Ao whe oA Asukgo] ¢ TUES Folsit. o=
el 5845 Bl 4o WY fade Ao 45 5 YrkFig 68).
100.00
9000 T —— 40°C
8000 T —e— 50°C
Z 7000 + " 6O )
:;-g 5000 T o o __-_-_':'__-_:-_:_'-:-_?
£ 5000 T S
£ y -
E 4000 T 4
8 3000 + [ ¥ e
2000 + /[F &
10.00 ——___f-:':'»-.’
ooo # - . 4.y

a 5 10 15
Time (h)

Fig 68. Effects on temperatures.
(2) FHE(Co”") ionol w& a3}
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Purified GTMPI2] A& E3lo] HZE 1.0 mM9 ZTE(Co?") iono] FAZ719 a3}
Aol cofactor® 22th= A 49tal, sonicated wet whole cell GTMPIO A= G340 =
2hg-ol=A] gelslr] Yk 100 g/L L-ribulose, 300 g/L sonicated GTMPIE AR&3te]
% 1.0 mMe] 5% 79E(Co?) iong H7M3 AT &4 e AL 60CoA 27 w2 A
At
100.00
9000 + -
8000 —+
——+Co
% 7000 T
g so00 - Y -+
,E 5000 1 o = O
E 4000 T
8 3000 ".".-".
2000 -
10.00 —
0.00 L 1 t
o 5 10 15
Time (h)
Fig 69. Effect of Cobalt(Co®") ion on the activity.
A2 07 wet whole cell GTMPIS] &4 Z7}el glojd e FE(Co™) ione &3}
7F e A&

L Atk 60TolA weS AyYA A, Z7] 1A R wbS & EE 2
S ¢ F 9} Rqow oM A7 WS FHE(Co™) ion® H7F MET oF
15% A o] 1 o]FoffE& gletlthFig 69).
w3k wet whole cell GTMPIo| tdt FLE(Co?") iond & EAS

&to] 100 g/L L-ribulose, 100 g/L. sonicated GTMPIZ A}g&3to] = 0.5, 1.0, 2.0 mMo]
HEE FZHE(Co™) iond H7Fsle] 40TolA 242 Wk AT HF 2 HH-g-
o] Ao 1.0 mMe FHE(Co™) ions AFEE 497} Fito|un} ¢=3HS ¢
(Fig 70).

100.00
9000 T
BO.OO T
7000 +
6000
5000
4000 +
3000 +

Reltive conversion rate (%)

2000 +

1000 —+

0.00

t t
0.5mM 1.0mM 2.0mmM
Cobalt conc.

Fig 70. Relative conversion rate(%) of L-ribose by Cobalt(Co*") ion concentration.

(3) Wet whole cell GTMPI &% W& &}
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Wet whole cell GTMPI7} sonicationd ¥ 1.0mM FZ2E(Co*") ion©] cofactor® &
A& 73 L-ribuloseoll 4] L-ribose® A7 HAO a4 sLE5 dolrr] #ste 100
g/l L-ribulose, 1.0 mM =HWE(Co™) Z#lAM 77 25, 50, 100, 200 g/L7} HE%
sonicated wet whole cell GTMPIZ % -§3&}o] 40Tl 20417 FoF w35 A3Pst3ct. 1
A, 7] TN ¥ SR g4 w7 =5 75 MEA JgEs BEAtH(Table

20).

Table 20. Conversion rate(%) at 1h.

_

1 A7

7t 25g/L 50g/1. 100g/L 200g/1L
(%) 11.20 15.72 24.78 42.17

e}, 204 7ke] WS AITEO] A F AHEL U
GTMPITHS: A&} 2 o
= o

s thFig 71). = mow Wz A7kl NS S Ea A7 oy
2 55 g4 el A F A Ao oH =S THA & 5 7] wEel AL aas
Abgate]l Ao H3 WhES friEsks Ak fFE ol

100.00

90.00 A

80.00 -

7000 A

60.00 A

50.00 A

4000 A

Conversion rate (%)

3000 A
1000 A

10,00 4 20h

0.00

T T T
a 50 100 150 200
GTMPI Conc. (g/fL)

Fig 71. Effect of enzyme concentration on L-ribose conversion.

4) 714 sxd & 73
A AT-g
A(40C)ol A ¥hg HBEo] JHE] o F7lE = A
(Co?") iono] =4 A% wksAo] Fom 25 g/L9 sonicated wet whole cell GTMPI
AREsto . 1 ol de] GAE AREEIRS weol 22 g3E HAteE S dUn oF E
& L-ribose ¥H& &S ¢7] $Iste] 25 ~ 300 g/L9] L-ribuloses

Abg3te] HEgolS F=nlslgl o 40T vE&S 3 tH(Table 21).

b g A FolFu

ghelsk ey =3 1.0mMe] ZHE

iR
o
B
N
1o
r]I
olo
4B
=8
rlr
=
rlo
>
(@)
a
mo no
N
Jhu
ofN
~
ol

Table 21. Composition of reaction mixture.
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25 g/L | 50 g/L | 100 g/L | 200 g/L | 300 g/L
400g/L L-ribulose 25 50 100 200 300
400g/L sonicated
25 25 25 25 25
GTMPI
100mM Cobalt 4 4 4 4 4
AT 346 321 271 171 71
Total 400 uL
20A17Fe] Hb-S-S AYAZl A FE7F 25, 50, 100 g/LAlAE wet whole cell
GTMPIo| 23t Aozl d3+a-o] wls=st}, 200, 300 g/LZE s%=7F ol weh 1 3%
o] 1ass ¢ AAHFig 72)

OB .68 o015

1007 8023

8491

Re lative conversion rate (%)
o o =1}
=3 & =}
1 1 .

ra
=1
L

[=]

T
25g/L 50g/L 100g/L 200g/L 300g/L

L-ribulsoe conc.

Fig 72. Relative conversion rate(%) of L-ribose by L-ribulose concentration.

100 g/L L-ribulose® ¥F&3 9 69.4 g/L. L-ribose, 50 g/L L-ribulose: 34.54
g/L L-ribose, 25 g/L L-ribuloses= 17.5 g/L. L-ribose’} BA T = ZAHo|t}.
oA W& 7|dE Algste] HUFe &S v Aol frEstE = 100 g/L L-ribuloses
AbE-3to] L-ribose 29| A&WH5& sh= Zlo] =

ole e x7

(5) &Xo w& ZAID
AFG7HA %71 g0 2 HE 100 g/L L-ribulose, 1.0 mM FZE(Co™) ion, 25 g/L
wet whole cell GTMPIZ WFg-o0S LA slal 40T A WS & W L-ribose®9] A&
o] 7} S FAsth HAHo wkgd FAS Qg JHA X wE dEE
ol & ThA] SA3IA Y 2 ghis WS whE U2, 40, 50, 60, 70TCoA ®H-&S 313
3} tH(Table 22).

| L

Table 22. Composition of reaction mixture.

400 g/L L-ribulose 100
400 g/L sonicated GTMPI 25
100 mM Cobalt 4
AT 271
Total 400 pL
ARAen, 27 Me SEE £/ 555E ve Lxud WA s A A
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gl & g Aok 27] 1A A 9ES A gEwE BH 70Tol|A L-ribose® Hgko] t] ol
H A2 & 5 9lth(Table 23).
Table 23. Conversion rate(%) at 1h.
1 AIgE 40C 50C 60°C 70°C
(%) 13.00 18.28 19.24 19.80
g, Aol AEFE E2 259 RS2 U2 WIS A HYP Eddt nhde o
2 2EoA ] WS HdHBE] Hkgo] x| 24A17F WES Ao A= 40ToA] Ho [
E67%)° o2+ AS s thFig 73)
100.00
spop { —*40°C
80.00 4 S0
% 7000 4 GO'C
= %70 &
£ 6000 1 —
'E 50.00 P e
g 4000 e —————
5 30.00 ,a"
20.00 {4‘
1000 4/
0.00 : : : :
0 5 10 15 20 25
Time (h)

Fig 73. Effect of reaction temperature on L-ribose production.

A=+ wet whole cell GTMPIE A}&3F L-ribulose® L-ribose®¢ A ¥k-2-2& 100 g/L
L-ribulose, 25 g/ GTMPI, 1.0mM Cobalt®Z F/% ¥ =S 40T A ¥k 33}
e W HAo gyE HAYgE AS &

4. GTAI$} GTMPIol| €]3F one-step whole cell ¥H&-

s AsSS F o S7HA717] 98] wet whole cell GTAI®} wet whole cell GTMPI
2y 7S AHA wet whole cell2 AFE, wet whole cell& sonication $ AF&, wet whole cell
< sonication ¥ 70TC &A1 GA| & AEE SIS W& vluste] Hkh 200g/LE wet
whole cellS =9 % wet whole cell, 200g/LE wet whole cellS ¢ & 30% FoF
sonicatione £3}e] cellS 333 sonicated cell, 200g/LE wet whole cellS =2 3 30
2 %ol sonications E3}] cellS 333t t}e cell downd sup.5F 70TCo|A] 10% S<F &4
] &]3tal thA] debris down® sup.%F 0.2mm filtrationA]Z] G318 AHA celle AF&3sH
L—arabinoseoﬂ gk wk2-o AFE-3}3 T Control® PIPESO] 200g/L= wet whole cellS =
¢l % wkES Huljo] wlulekgitt. ofef &F o] ZHZbe] BkE mixtureE A|F st tH(Table 24).

Table 24. Composition of reaction mixture
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WetC;Nﬁlole Sorggfalted A7 cell WhoPl)?Pcli:eSH in
400g/L L-arabinose 100 uL 100 uL 100 uL 100 uL
200g/L GTAI 10 uL 10 pL 10 uL 10 puL
200g/L GTMPI 200 uL 200 uL 200 uL 200 pL
D.W. 90 uL 90 pL 90 uL -
50mM PIPES(pH7.0) - - 90 uL
Total volume 400 pL 400 pL 400 pL 400 pL

= 7 HU}E= sonicated cell, sonicated cell HU= €3]
2] cello] HE-E-Alo] - S Fgold 4 9Art. wet whole cellE AF&3 A 9-o& D.W.
U PIPESY] 49 AZkEolA & 2ol Ho|x] &t (Table 25).

Table 25. Results of L-arabinose reaction with wet whole cell, sonicated cell, heat

treatment cell

% L-ribulose L-ribose L-arabinose
whole cell 16.55 12.89 69.18
sonicated cell 14.81 15.70 69.13
AA e cell 14.00 17.17 67.45
whole cell in PIPES 18.17 12.30 68.21

3) Mannose-6-phosphate isomerase®} L-arabinose isomerase 33+ 1133} cellE A}

oz, 7] & 2 Ve $

2t = Adete 7S A A Akl AlE
8t fFEstar AR E I o B AFo| A= L-ribose FAAHS 9k W
o2 3124 L-arabinose isomerase (A9} mannose phosphate isomerase (MPDE 335}
© 2709 plasmidE FAAE A7 A At w55 A AFE 24 8ske] L-arabinoseE
7|4 = L-ribose AAtel] o]&starzl &fgley. Hgk 4 AT ddago] dF FdE MPI
variant& @7 ol &stil iYstE Sal Hlalstaiz} skl

o 2

%
=
A

O

1. Expression vector2¢] Cloning
Geobacillus thermodenitrificans +#2] mannose—-6-phosphate isomerase ¢} arabinose
ol-g3te] L-ribose® AiHdE =017
vector system 2% Z+Z} cloning 3}<
pET-Duet AFE-3EF a1,

thermodenitrificans

isomerase= 23te] one vector system I two

Aes 3 h one vector system oA+
S=2F Geobacillus
GTMP1)+ pET28a,
Geobacillus thermodenitrificans arabinose isomerase(©]d} GTAD+= pTrc 99a (Fig. 74)¢]

vectors two vector system

mannose—6-phosphate isomerase(°] 3}
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72+ 7ol e vectorE AFESFY] cloning ¥ plasmidE 18 £/ hostE o]&3fe] &d A
test 3ttt Ao AL83F host:= E. coli ER2566, DH5a, K12, MG1655, BL21, %
BL21 Gen-Xo]H, o]% two vector system= ©]83F BL2]1 Gen-Xol|A & HHES HY

= 2 5 UM (Fig. 75).

w2

=
s
a

— \ PR 1 lane : Ladder
© - 2,3 lane : one vector (BL21 Gen-X)
45 lane : two vector (BL21 Gen-X)
| =] -

6 lane : two vector (DH5a)
_ 7 lane : two vector (K12)
—_———— —_— 8 lane : two vector (BL21)
Fig. 75. Expression of vector system 9 lane : two vector (MGL655)
2. Two vector systeme ©] &3} cell A3}

MPI/AI two vector system?] celle 114 3}sl7] 98le] 2L flaske] 500mLe] LB wjA| &
TFS3 two vector system E.coli BL21 Gen-X cellS final 1% A AE3s}e] 37ColA
200rpmo. 2 600nm 3o A O.D. 0.6€w 0.1 mM IPTGE #H7}sta2 16C, 150rpmo =
ZFo] 16A17F viekatdet. 1 & 47T, 3000rpmel A centrifugeE AFE3FY] cell down 38}
0.85% saline © & washing 3] thA] 4T, 3000rpmoll 4] centrifugeE AF&3}] cell down
gtk 71 cell& D.C.W. gtoll A8t g/l= #Hbstal Tris-HCL pH 7.5 buffers % 7ta}
o] cellS #3 final sodium alginate 2% #7}dle] O/NO.&E nwkéle] [ol3 &y FA}Y]
£ ol&st] 9¥e 4l AXE 0.1 mm A7|E HoAAA At} CaCly &9 o]&3ste] O/N
o2 wnkstm ASA|A AREsith. 1A g cello] A4S SHs7] st cell R+
45 g/l ¢ 80 g/I= #1¢F &> WHO=E beadE AlAsto] L-arabinoses 7| & & AFE3sto] wF
&3tk L-arabinose®] %t @49 §F5 Yolrrl9latel we sl 1.5 g/l 10 g/l,
50 g/l= Z47he] cell == JPsplon, W2k 60T 420 mingt W& tH(Fig.
76).
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cell 80g/l cell 45g/l
100

70

60

50

—e— 1591
40 |- o 10g/l
—¥— 509/

30 -

Conversion (%)
Conversion (%)

0 100 200 300 400 500 0 100 200 300 400 500

Time (min) Time (min)

Fig. 76. Conversion yield of whole cells with GTMPI/GTAI by varying L-arabinose

concentration.

T+ 709 plasmid (GTAI+ pTrc99a, GTMPI+ pET-28a(+ )& E. coli (ER2566)°] & A z3+
o] A2 AR ES ampicillin®} kanamycin®] ZHzF 50 ug/ml*/\‘ ¥3t¥ LB brotholl HZ
37CoA Zeujdstar 0.1 mM IPTGE inductiondt & 16TCoA sl5w 28 vjLtshe]

dade] Sad] ddstes gt ofF dAwE® s #AS saline (0.85% NaCl)
© % washingdt § A3}po] ARGl o] E HEY o]t wild cell® o EF 37H«] zt
71E vl @2 MPI varientE pET-28a0l s YUstAl 753l Al-pTrc99ast 7 &
Al dAAdgsta wgste] 42 A o8t variant cellZ sttt

4

olt
il

o]
1A3}E ¢33 GA = alginate (Na' 9)E AM83slal HEFF5EE 295 3% th Bead?d Ax+E=
HjdE MxE AdsA slAste] SAHE F3E kS o] 8sto] ofet ol HEd AExst
g 2435l

Cell concentration = O.D(600nm) X 0.34(7]&7]%k) X 3284
3|43k AIEE 50 g/LollAd 100g/L7FA] 2+ 10 g/l 99 = »=E5 3143
alginateE® 23l 4TColA stET&9r 3] agitationste] WSS o &
M CaCly solution®| injectiond}e] beadE A Z3dte] A3}t AZE bead= H 05
mm e ZAAl Awt 343 1 b kAo = 0.2M CaCly, & 33 wAlE FHA A3}
AF . S8 A3t o] Foz ¢ buffer =A% washing ¥ 5 Aol A&

o

ON

a3}l AL HAH MEFEE FASH] HE s=EE AZE beadE WS 2 mL tube
o wed weight® 500g2 2] beadE i 10 g/L L-arabinose& 7|2 & 3} 60TAA 34
ZF WkS 3 bio-LC =H A wilde} variant =5 80 g/LolA Hi A4S JehAvHFig.
77). WA oldt Aol 80 g/LE dte] AFEEE AlFdt] ARSI
HA 714 55 FAe7] 8 100 g/LalA 600 g/L7FA] 100 g/LiFA ©. &2 L-arabinose
FTEE dYste] A7 FEE dolE A wildet variant =5 300 g/LE-oA HAF
=5 7HA = Aow #AGEAH(Fig. 78). wilde A% AW 30% conversiongd HQl WA
variant+= 41%% conversione X% 2™ L-ribose & 300 g/l L-arabinose &+& Al
wild7} 75 g/L variantZ} 105 g/LE H.t}.
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4 I WVid 50 1 L
100  m— Valriant 160
k140
80 - 40
9 — F 120
> & ~
s 60 S 301 r10 3
8 7 o
:12: % + 80 g
§ 40 4 O 201 I 60
—A— Conversion (%) of variant L 40
20 4 10 4 —— Yield (g/l) of variant
—@— Conversion (%) of wild L 20
—©— Yield (g/l) of wild
0 0 T T T T T T 0
50 60 70 80 90 100 0 100 200 300 400 500 600
Cell concentration (g/L) Substrate concentration (g/l)
Fig. 77. Effect of concentration of Fig. 78. Effect of substrate concentration.
immobilized enzyme. Wild: conversion (@) and yield (WD),
Wild-black, Variant—gray. Variant: conversion (A) and yield (A).

13 9 8 27 HH3

AAg xS Aty s WA HA Rke pHE ZARSHTE 50mM PIPES (pH
6.5 ~ 7.5 50mM EPPS(pH 7.5 ~ 8.5) bufferE ©o|-&3s} 10g/L L-arabinoseE 7]d =
gto] ZAVSEE T 1 A3 wild®} variant BF pH 7.5 (PIPES)JA 7MY =2 &84S e
A ohFig. 79).

100 |- ‘/./0 100 |- ./-/0
2 s0f & 8ol Q\O\D
2 2
2 S
S 60 S 60
(] (]
= >
© ©
o 40 T 40
4 4
20 L —@— PIPES 20 —@— PIPES
—O— EPPS —O— EPPS
0 1 1 1 1 1 0 1 1 1 1 1
6.5 7.0 7.5 8.0 8.5 6.5 7.0 7.5 8.0 8.5
pH pH

Fig. 79. Effect of pH in wild-type(left) and variant(right). PIPES (@) EPPS (H)

w&ol 1A H3 Al afE XA #18 CoCl® HEEE 2.5mME sto] ¥k
g A3 cobaltd &A1 Al ¢ 7 owj 7<4§]r% Z7Hs HAtHFig. 80). HA Co &+
2.5mM-5mM7HA] WA AE 2 Zol7}F flo] &5 wA 3ol 2.5mM cobaltE AR&-3FA
HH dbg 25 dolrr] 93] 50mM PIPES buffer (pH 7.5)2} 2.5mM CoCls, 10g/L
L-arabinoseS 7]|& =& 3}o] 45C-75C7HA 5C @92 ZAFSE A3 wild9t variant &5 6
0CIA 7F4 =& &A4S Yerddet. Wildet variant =5 60T o]l = FASE s
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How 65T o] XA variantZ} &40 =4 YebdS & 4 o] variant7} &
T oA o] FUHES AL A 4 JukFig. 81). FAIA 2% XS 2AEHY] 9l
Y Mg 2EE 55-70CE 5C @2 F7|H o2 AlRE AFA3e] bio-LCE &
Mo rA ZLEPAAS AT 1 AR "ol e 2ol wilde A &4 Wik
(half life)”} 55C, 60C, 65C, 70TColA Z}2} 50AIZF, 36A1%F, 29A41%F, 12.7417k:1H] H]
varianti= 55C, 60C, 65C, 70T~ ZtZt 1,450A1%F, 690A13F, 356A1%F, 50A17HS e}
o] wildoll W8] variant®] =% <oFAAlo] 29uf, 199, 129, 48] z}z} Z718F v (Fig. 82).

4

_

% o

< =

80 —

—~ S
g >
k] E=] 60
8 3
z 2
8 F 40f
Q
o
20
—@— Co 2l
O~ CHIHel
0 1 1 1 1 1 1 1
0 1 2 3 4 5 6 45 50 55 60 65 70 75
Time (h) Temperature (°C)

Fig. 80. Effect of CoCly on L-ribose production. Fig. 81. Effect of temperature

Treatment (@), No treatment (H) Wild (@), Variant ([J).
100
80
9 9
> S 60
2 =
B B
(] @
(0] (0]
= = 40
s s
[0 [0
(1 o
20 ! ! !
0 12 24 36 48 60 72 0 200 400 600
Time (hrs) Time (hrs)

Fig. 82. Thermostability of wild-type (left) and variant (right). Wild: 55C (@), 60T
(W), 65C (W), 70C (). Variant: 55T (&), 60T (A), 65T (¥), 70T (V).

ZAPeE HESZAES 7IHbo 2 80g/L wild®t variant cell® Z+7] A %3 beadE ©|-&3514
300g/l. L-arabinose (50mM PIPES, pH 7.5; 2.5mM CoCl)E 7]2& 60TA
time-cource ¥H&38lo] AIZFHE R AFH S A|EE bio-LCE w43t vlustlth 2 A3} wild
o] 79 3A)7Fel A 300g/L. L-arabinoseZ%-¥ 72g/1.¢] L-riboseZ A33F ¥+A variant® 3
Aol 98.9g/L L-riboses Agat3ivt. old] Her&2 wild7b 24%30 ™ variant=
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32.9%2 Rt} LS wild7F 24.0 ¢ 1P h! o]93 variant= 329 g It h'E R}
(Fig. 83).

300¢

250 -

200 -

150 -

100 -

50 -

L-arabinose, L-ribulose, L-ribose (g/l)

Omin 20min  40min 1h 1h 30min 2h 3h
Time
Fig. 83. Time courses of L-ribose production for wild-type and variant. L-arbinose
(wild: @, variant: W), L-ribose (A, A), L-ribulose (N, ).

3. Bioreactor &

Bioreactor’dol A 114 3}e] 23k L-riboseBAS $&] packed bioreactor® T3}t
(Fig. 84). Bed volume= 15mL=Z 3}4 beadE A% 300g/L 7]& o] E3stH PIPES buffer
(pH 7.5, 2.5mM CoClpE °]83ti 2% 60C=E F3lth. WA 34§ (dilution rate)s =
Abst7] 913l peristatic pumpE ©]-&3te] 7| A NS FHSHA off A o] ALkl

:% (D=dilution, V=feeding rate, F=reactor volume)

1 A3} Fig. 853 o] wild= 1.6mL/h, variant® 4% 1.4mlL/h= 2 =}o]E& Ho|A+= &
Pig=s

r 100

30 1
r 80

r 60
20 1

Conversion (%)
Yield (g/L)

r 40

r20

0

0

T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20 22
Dilution (ml/h)

Fig. 84. Packed-bed reactor with Fig. 85. Effect of dilution rate
immobilized enzyme Conversion: (@), yield: (I,

wild-type and variant (M, [).
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L-ribose &8}

o ot Aol E£& variant cell2 A F3 beadE o] &3 W7 E AH

>-83Fo] L-ribose 23S A HH(Fig. 86) G20 Aok Zom 10 ol 9
g Ay oy o] Hx 3UgE Wit 103g 1 d 9 L-ribose S BAow 493
T AMAE] sl o] Fele= 7] tiH] 50% &40 A= s Btk F% bead
Az D 2Gsiaba7]19] PEAS =Avd o A7]re kA 8ol Jhssithal ddE

80 1

60

L-Ribose (g/L)

40 +

20 1

0 2 4 6 8 10
Time (days)

Fig. 86. Long-term operation of L-ribose production in a packed-bed reactor

Celle] 114 stH bead®] AAHES &8 L-ribose A oZ ANEE 7HsdS& AT

o o=

1A E celle 5 WA batch ¥ % L-arabinose (300g/L)= HE L-ribose AAko] 25%
olge] Mg F&E& B 10MA] batch o]F-d% 50% ol &3S FASIAH (Fig. 87).
o]

L AE 2RE Batol Loribose Bl AADolw 83 A8E F Ae AMR

1004 =

80

60 -

L-ribose (g/L)

40 4

20 -

0 2 4 6 8 10
Batch (times)

Fig. 87. L-Ribose production by recycling reactions.
Al 5 A L—Ribose ¥ L-ribulose?] & A A|
1. L-Ribulosed] #2 AA €, A4 € 2A3
Geobacillus thermodinitrificans L-arabinose isomerase(GTAI) wet whole cell& A}

2-3}o] L-arbinose®Z%-E L-ribulose® A4St wet whole cell GTAIE= 200 g/L7} &
S Ao = ¥, 308 B¢ sonicatione E3}e] cellS TG o= A A H
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sonicated cell& L-ribulose A HEZo] AFE3A Y. 100g9 L-arabinoseE 100 g/L
L-arabinose, 5 g/L sonicated cell GTAL D.W., 70C Z7o|A &4 ¥H3S 7 3Ydlo] o}
o} o] Hkg AAHES ASUTHTable 26).

Table 26. Results of L—arabinose conversion with GTAIL

L-ribulose L-arabinose

187 % 81.3 %
HESo] gk RbEdS Aoz Wzksl & celiteE FYAIA HESol AFE-¥E wet whole
£ ] FH of ol evapolatorE AFE3F] 60TCoA HAFFHE

AAste] FHAE A oA A& FFIIAM EFEAZ FEE AAsH] #ske
EtOH 50mLS ARg3sle] FH|E AAIS Y. T8 71X vldl s3] 7)o FY X
L-arabinose tH| 38]¢] EtOHS! 300mL= AME-3le] L-arabinose AAE AA5S T EtOH
7F FhE sFAALE 60Tl 3AIZE Sk, A2 AWl 4Tl 3AIZF aRkS st AA
= sttt oA APE AAES oSt caked oANor FHYE St 1 AF
EtOH 274 cake 99.8% HPLC %% 7}%l L-arabinose”} 3|45 At} o B evapolator
= AREElY] 60ToA HEEFS A 82.8% HPLC +%(17.2% L-arabinose)E 713
L-ribulose crude 23.65gS SHEFT} o2 A 12 AAE L-ribulose crudet Aol =
2]l T} dowex monosphere 99CA resing AFE-3}e] columne A AT AA+E AFE3S)
o] elutiond}o] 15 mLA F 70 fractions 3|53k th. HPLC &R1E& &3to] 24 fractionol A
H-E] L-arabinose’} AAES &slal 24 ~ 70 fractions HobA 60ToA A5 5
ATy, 1 A3} 97.5%2 L-ribulose yellow syrup 8.77gS AAH(Fig 1).

A B

Fig 88. a. HPLC chromatogram of purified L-ribulose yellow syrup. b. Column purified

L-ribulose yellow syrup.
w3l 28091 200g9] L-arabinoseE 100 g/l L-arabinose, 5 g/L sonicated cell GTAI

DW., 70C ZAA &A WSS Aadte] 19.7% HAsd HrSHS mE5Qic), o] whg-ds
9ol W A celiteE EHAA cellE AAS AL, o3 oNs F=3YHLt == A}
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o EtOH 600mL& Abg6lo] L-arabinose® AA & F o3ste] 98.7% HPLC ¢&EE 7t
A L-arabinose® cakeo® 3&Eim, 1 AL FEHse 81.8% HPLC €%& 7t
L-ribulose crude® 51.52¢& r3UT. o 12 AHAE L-ribulose crude® dowex
monosphere 99CA resing AF&3 columng AAIEHH 97.25%9 L-ribulose yellow syrup
19.02¢& E3ATH

100g3} 200g L-arabinose scale® whole cell GTAI ¥+-82& AA L-ribulose® A2k
A 71E B 19.2%9 A3E&S Hola, L-ribulosew 1#F crude¥ °F 82.3% HPLC
o] L-arabinose WH] 24.71% TE= *ﬂ"é =1, dowex monosphere 99CA columng
AA) A3, L-ribulose= FF °F 97.38% HPLC X2 L-arabinose W¥] 9.14% F&&
1= AL 89 F9c) L-ribulosed ¥-8 2 Azl Fig 89¢F o] Ad = ot

£

Q.
=

™

S

ot My oo

o

L-ribulose reaction

‘ celite o3}
! \/
Cake o] of
(Cell AA) RE&E) 55
EtOH 37}
of 7}
\’ v

oH

of of
(I.-ribulose)
L{ co umn
llow syrup

(purified L-ribulose)

Cake
(L-arabinose)

Fig 89. Scheme of L-ribulose production and purification.

83, 329 L-arabinose® A}&3to] wk-go] tha] Apgol 7EdA el gk <
t}, 13 wet whole cell GTAI Wrgo] A& ¥ 3% L-arabinose® Wrgol oA AHSsHd
A7} Ao @7t Utk 200g L-arabinose scale® ¥H&g JPA 5 3edE 98.7%
HPLC %2 714 L-arabinose® AF&3}o] 234 wet whole cell GTAI ¥--&& A8
(Fig 90, Table 27).

Fig 90. HPLC chromatogram of ruovered L-arabinose.




Table 27. Composition of reaction mixture.

L-arabinose 7 40g
200g/L sonicated GTAI 10mL
2% volume ~400mL
100g/L. L-arabinose’} H == 3}a 5g/L sonicated cell GTAIE A}&3F9 1L round
flaskol A egg bar® IS 39 70C7F SAF A2 water bathollA 982 A3t
WS 23 AF, 35H L-arabinose® AMESIAE 4A[7tolW 19.2%9] L-ribulose A3&&

BHPow F7IE 20A77HA] WEEE AP o o] ¥ '—O“O] AP = ku FAEE &

ol o]Z M L-arabinose®] wet whole cell GTAI W&o 2 °F 20%2] L-ribulose® &

3 T wkSElx] &a F2 o 80%9 L-arabinosew 3| % 53l gA] HEgo] ARgo] 7
el

gl & & A

2. L-Ribose?] &8 AA £, 34 2 243}

(r. thermodinitrificans mannose-6-phosphate isomersase(GTMPI) wet whole cell& A}
#8to] L-ribulose2 7B L-ribose® A48tk GTMPIE 400 g/L7} SES AA|o] =
o] ¥, 30% %<t sonicatione F3l] cellE 3T o]#A AHZE sonicated cell&
L-ribose 44 wWkgol A}&3}3Tth L-ribulose® AHA column AAZ €& 97.25% HPLC
x5 7}A = L-ribulose yellow syrup= AF&3}3Ith. 100 g/L L-ribulose, 25 g/l wet
whole cell GTMPI, 1.0 mM ZEE(Co®") iond TAHL = wWF3dS A3} tHTable 28).

Table 28. Composition of reaction mixture.

L-ribulose 5g¢g 100g/L(0.67M)
400 g/L sonicated GTMPI 3,125 ml 25g/L

100mM Cobalt 0.5 mL 1.0mM

Total 50 mL

Yo LM 250 mL round flaskol A egg bar® AF&3te wHkS =9 40TC7F A=
Aejol A water bathollA W3t 2 AF, 5 g L-ribulose® HE§ scaleg 7|9 wet
whole cell GTMPI ®E-g& T3t = ZAlglo]l wr3o] PAE st HF 2043
Zol AL S APAAH 68% L-riboseR o A}EE EAsHTt o]= 3.4 g L-ribose’}
A48 AolthFig 10).

A B

100.00

£
d

90.00 1
80.00 A
70.00 A
60.00
50.00 A
4000

Conversion rate (%)

3000 1
2000 A

1000 4 /
0.00

T T T
a 5 10 15 20
Time {h}

Fig. 91. a. HPLC chromatogram after GTMPI reaction completion. b. Time course of

L-ribose production from 5 g scale L-ribulose.
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Hhg-o] kg Hhgde Aoz Wzksh 3 celite® THAIA whgol| AFEE wet whole
cell GTMPIE A ASFATE. cello] AlAH o B evapolatorE AFE-3e] 60TCAA AULsFHS
At FHAE A oAl A& FFIIAM 2FEAZ FEE AAsH] #ske
EtOH 10 mL& AF&3ste] 3H|E AAIsHSth 10 mL EtOHS thA] FYstal 4T dztsto]
ARS skt 24A12F 5 ARS FRetolE AR S g &+ gy
L-ribose seedE T3}e] 24A]3HE9F 4Ca S FrHHoR Frstgony Aol A
gkelgr 4= gllth. olg Al EtOHel| ol AHolA tE fvlE(acetone, iso-propyl
alcohol, n—hexane, ethyl acetate)= Z}7tS F7}eto] L-ribose’t FEH L5 skloy, 4
Aol o]Fojx A eFa 7 Aol LAY g EtOHE tiilste] 27]HH t& &u+=
(acetone, iso-propyl alcohol, n-hexane, ethyl acetate)S AF&35lal, 4TC=E WYZ13ste] 2AH S
FrEekglth 2447 AR S et 249 PSS E< & 5 gslon, FFARA 7}
A Fa AL L] B

¥, 100 g/L. L-ribulose, 25 g/I. wet whole cell GTMPI, 1.0 mM FZ2E(Co®") ion<]
TAoR wked ZAo|A 10 g L-ribulose scale® ®WHgHNS W= a1(Table 8), 500 mL
round flaskol] 4] egg bargE AFg3ste] wwkeS £ 40C7F FA41¥ Aejol 4 water batholl A

Whgs A&t EAlglo] vkgo] & g E o] 20A17F $o 69% L-ribose® Z2H o] 6.9
g L-ribose7} ‘g*éﬂi’i%% eIttt

X :(0
rUh‘,

2

[o

Table 29. Composition of reaction mixture.

L-ribulose 10 g

400g/L. sonicated GTMPI | 6.25 mL
100mM Cobalt 1.0 mL
Total 100 mL

Hhg-o] kg Hhgde Aoz Wzhsh 3 celite® THAIA Whgol| AFEE wet whole
cell GTMPIE AASFAT. cello] AAH oML evapolatorE AFE3te] 60TCAA Ag-sHS
AAsLY] FEHFALE AT olg A 4 FEFAE FAGTd 52U ¥ column® A|EE F
B3 T} thSo dowex monosphere 99CA resine AF£3F columne A A AT AA S
E AME38}Y elutiondte] F 65 fractionS 3]3F3ith. HPLC #2412 53}9 fractions =&
A, 4.5 g L-ribose?] -’FEE 80.9%7A S7MAZ 4 URTh olg A X fractione
evapolatorg AR&3ste] 60TolA #HAsHes AAS] sFHIAE AJAh of#HA 22 5=

ZrAbel] xEE AR SRS AASH] 5 EtOH 20mL= ARgE-sle] FH|E A AT
20mL EtOHS A §£98t1 4C=2 Wzste] A4S 239t 24A7F 5o 2AH S 538}
o AAo AAS &2l & 4= gAtE L-ribose seedE ©3dle] 244175 4TCollA ZAA

E
S FHA o2 FEslYSo % L-ribose 2A¢ AL g 4 Lt

_73_



M4y Srzd: H 2d

ofofo] 7| =

M

Al A AR i e4E

=]
)| WATE | QAR BE GHE®) QAT AN
Arabinan 3 & 100 - Arabinan %3 24 FHdAY 249
2 EA 4 - Arabinan 3l &4 GA 2 S AL
A1 AHF -
1Xd = L-Ribose A2t & 100 I L-Ribose A4t &4 Fxzte 2249
(2009) B - L-Ribose A4t &4 F7xbe] g
_._ |L-Arabinose Ak - Arabinan £3] &4 9] A
A1dEE 100 . o
A 3} - L-arabinose A4t # 4 3}
- 824 wex 43
A B o A O ] e
' 100 |- st A 44 2 245 =4 HA g
— 1 A
rarabinose A4 - AR AN 45 AA%
A1 AH
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1. Endo-arabinanase from Bacillus licheniformis.

2. Endo-arabinanase from Caldicellulorsiruptor
saccharolyticus

3. Alpha-L-arabinofuranosidase from C saccharolyticus.
4. L-Arabinose isomerase from Geobacillus
stearothermophilus

5. L-Arabinose isomerase from G. thermodenitrificans
6. L-Arabinose isomerase from Thermotoga neopolitana
7. Mannose-6-phosphate isomerase from B. subtilus

8. Mannose-6-phosphate isomerase from G
thermodenitrificans

9. Mannose-6-phosphate isomerase from Thermus
thermophilus

10. Mannose-6-phosphate isomerase R142N from
Thermus thermophilus

11. Mannose-6-phosphate isomerase W17Q N90OA
LI129F from (. thermodenitrificans

ol
B
J|m
o
BN
>

Arabinan -‘jrﬁﬂ 2L
L-ribose A4t &A:
71—71— 3 7—] o]}bL

1. Endo-arabinanase from Bacillus licheniformis.

2. Endo-arabinanase from Caldicellulorsiruptor
saccharolyticus

3. Alpha-L-arabinofuranosidase from C saccharolyticus.
4. L-Arabinose isomerase from . thermodenitrificans
5. Mannose-6-phosphate isomerase from B. subtilus

6. Mannose-6-phosphate isomerase from G
thermodenitrificans

7. Mannose-6-phosphate isomerase from Thermus
thermophilus

8. Mannose-6-phosphate isomerase RI142N from
Thermus thermophilus

9. Mannose-6-phosphate isomerase W17Q N90A LI129F
from G. thermodenitrificans

|4 specific activity

- L-Arabinofuranosidase | 10 U/mg ©]% 28 U/mg

- Endo-arabinanase 10 U/mg o4 11 U/mg

- L-Arabinose isomerase | 130 mM ' min ' ¢} | 130 mM ! min !

- Mannose-6-phosphate | 60 mM ! s ' o] 1120 mM !

isomerase

Ak

- L-Arabinose 50 g/L o)X+ 16 g/L

- L-Ribose 90 g/L L-ribose ©]“¢ | L-RibuloseZ%-E: 210 g/L, A& & 70%,
e, A% F& 25%  AME 210 g L' h!
o], 42 10 g L' | L-ArabinoseZ¥-E: 118 g/I, Hg F&
h! o] 24%, Y44 39 g L' h!

Ak

- L-Arabinose AA & 80% ©l’% AA & 37%

- L-Ribose A 75 60% o] A T 80%

A A5 A AT A AE At 97.5%2] L-ribulose 19 g

80.9%2] L-ribose 5.5 g
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