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Catalytic mechanistic and identification of essential residues 

of Glycohydrolase in family GH-29 and GH-64 

 

Student : Sheng-Wen Liu                  Advisor : Dr. Yaw-Kuen Li 

 
Department of Applied Chemistry 

National Chiao Tung University 

 

Part I : Expression, mutagensis, mechanistic study and identification of  

essential residues of human �-L-Fucosidase in family GH-29 

 

ABSTRACT 
 

Fucosylated glycoconjugates play critical roles in various biological processes, 

but the limited availability of �-L-Fucosidase hampers investigations at a molecular level. 

This thesis aims to clone and express human Fucosidase .   

 

A gene from human encoding �-L-fucosidase (Fuc) was cloned into pET22b(+) 

plasmid. Protein was successfully expressed in E. coli BL21 (DE3). After applying a series 

of ion-exchange and gel-filtration chromatography purification steps, recombinant h-Fuc 

with 95% homogeneity can be obtained. The molecular weight of the enzyme was 

analyzed by SDS-PAGE to be about 50 kDa. The optimal temperature of h-Fuc was 70 0C 

and the optimal pH was 4.5 and 6.5. The h-Fuc was stable at pH 3.0~6.0, while it was 

unstable at 75 0C or high. The catalytic mechanism of h-Fuc was confirmed a SN1-like with 

two-step double displacement of retaining enzyme by transglycosylation and 1H-NMR 



 

 ix 

spectroscopy. Based on careful sequence alignment of GH-29 enzymes and extensive 

structure analysis of the close homologues of h-Fuc, nine residues of glutamate and 

aspartate in h-Fuc were selected for mutagenic study to determine the essential residues.  

Among the mutants, D225N, E289Q and E289G lost catalytic activity significantly; their 

kcat values are 1/5,700, 1/430 and 1/340, respectively, of that of the wild-type enzyme.  

Based on kcat values of aryl-�-L-fucopyranosides catalyzed by wild-type �-L-fucosidase, a 

small Brønsted constant, �lg = −0.13, was derived, indicating that the rate-limiting step of 

the enzymatic reaction is fucosylation. The Brønsted plot for kcat/Km for the E289G mutant 

is linear with �lg = −0.93, but that for kcat is biphasic, with �lg for poor substrates being 

−0.88 and for activated substrates being −0.11. The small magnitude of �lg for the activated 

substrates may indicate that the rate-limiting step of the reaction is defucosylation, whereas 

the large magnitude of the latter �lg value for the poor substrates indicates that the 

rate-limiting step of the reaction becomes fucosylation. The kinetic outcomes support an 

argument that Asp225 functions as a nucleophile and Glu289 as a general acid/base 

catalyst. As further evidence, azide significantly reactivated D225G and E289G, and 

1H-NMR spectral analysis confirmed the formation of �-fucosyl azide and �-fucosyl azide 

in the azide rescues of D225G and E289G catalyses, respectively. As direct evidence to 

prove the function of Glu289, an accumulation of fucosyl-enzyme intermediate was 

detected directly through ESI/MS analysis. 
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Part II Artificial gene cloning protein mutagensis and crystal structure 

study and identification of essential residues of LPHase from 

Streptomyces matensis DIC-108 in family GH-64 

 

ABSTRACT 

 
An artificial gene of laminaripentaose-producing �-1,3-glucanase (LPHase) from 

Streptomyces matensis DIC-108 was reconstructed by PCR and overexpressed in E. coli.  

Although the polypeptide sequence of LPHase exhibits significant similarity with the 

catalytic domains of �-1,3-glucanase of Arthrobacter sp. YCWD3 and Cellulosimicrobium 

cellulans, it uniquely catalyzes the hydrolysis of �-1,3-glucans to release 

laminaripentasaccharide as the predominant product.  The recombinant wild-type enzyme 

and mutants were purified to >90% homogeneity by ionic-exchange chromatography.  

The optimal temperature of the LPHase was 55 oC and the optimal pH was 8.5. The 

LPHase was stable at pH 5.0~9.0, while it was unstable at 65 0C or higher.  The catalysis 

of LPHase is confirmed to follow a one-step single displacement mechanism by 1H-NMR 

spectroscopy. p-Nitrophenyl-�-1,3-laminaripentaopyranoside (p-NPLPG) was synthesized 

to facilitate the kinetic analysis. Michaelis constant (Km) and catalytic activity were 

determined with p-NPLPG and were found to be 1.6 mM and 8.1 s-1, respective.  To 

determine the amino acid residues essential for the catalysis of LPHase, more than 10 

residues including five highly conserved residues, D143, E154, D170, D376 and D377, 

were mutated.  Among the mutants, E154 and D170 mutants, such as E154Q, E154G, 

D174N, and D174G, significantly lost their catalytic activity.  Further investigation with 

chemical rescue on E154G and D174G confirmed that E154 and D170 function as the 

general acid and the general base in the LPHase catalysis, respectively.  This study 



 

 xi 

provided the first hand information on identification of the essential residues GH-64 

through kinetic examination. Further studies on structural and enzymatic characterizations 

were also conducted to understand the detail catalytic mechanism of LPHase.  The crystal 

structure of LPHase was solved to 1.62 Å resolution using multiple-wavelength anomalous 

dispersion methods. The LPHase structure reveals a novel crescent-like fold; it consists of 

a barrel domain and a mixed (α/β) domain, including six α-helix, eighteen β-sheet, and 

one η structure, forming a wide-open groove between the two domains. The liganded 

crystal structure was also solved to 1.80 Å, showing limited conformational changes. 

Within the wide groove, molecular modeling using a laminarihexaose as a substrate 

suggests roles for Glu154 and Asp170 as acid and base catalysts, respectively, whereas the 

side chains in active site demarcate subsite +5. Site-directed mutagenesis of Glu154 and 

Asp170 confirms that both carboxylates are essential for catalysis. Together, our results 

suggest that LPHase uses a direct displacement mechanism involving Glu154 and Asp170 to 

cleave a β-1,3-glucan into specific �-pentasaccharide oligomers.  
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 1 

29 �-L-  



 

 2 

1-1 �-L- (�-L-fucose) 

L- ( 1-1 ) 6- -L-

6-deoxy-L-galactose

L- D- L-

�-L- 145

 

L-

N-linked O-linked

-OH

L-

(1) (1) (2) (2) (3) 

(selectins) (2) (4) 

(2 , 3) (5) (4) (6) 

(2)

(5 , 6)

Leukocyte adhesion deficiency type II, 

congenital disorder of glycosylation IIc (7)

OH3C
OH

OH
HO

OH

1-1 L-fucose
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L- �-1, 2 �-1, 3 �-1, 4 �-1, 6

galactose N- N-acetyl glucosamine

L-

- ( A, B, H, Lewis ) L-

(2,8)

 
1-2 N-glycans  

L- (a) (9, 10) (b)

(c) (apoptosis) (d) (4)

23 kDa 40 kDa (UEA)

(LCA) 17 20

(AAL) LCA

AAL-

(100±4.9) %

(48.1±2.5) LCA-

�-1,6-
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A

E- L-

(e) (Fucosidosis) (2,11,12)

�-L-

(0.5 	mol/g/hr)

Lewis_X (

( �-1,2-fucosylation)

�-L-
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1-2 �-L-

1-2-1 �-L-

�-L-

�-L-

1-1 �-L-

�-L-

Fucosidosis(13,14)

�-L-

Immunoprecipitation

�-L- Antigenic sites 

(epitopes)

(15)
�-L-

(16)

 
1-1 �-L- (28)  



 

 6 

IEF isoelectric focusing �-L-

isoform �-L-

�-L-

(sialyltransferase) CMP-N-acetylneuraminic acid

�-L-

(sialic acid) �-L-

�-L- (17)

�-L- (18)

(19) Alhadeff

�-L- goat anti-human liver 

�-L-fucosidase

�-L-

�-L-

�-L-

7-8 %

(oligomannoside) N- (N-acetyl 

lactosamine)

80 Beem (20)

Argad (21)

Pronase digestion) �-L- 9

6 N-

Fukushima (22) Aronson (23)
�-L-
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�-L-

(24)
�-L-

�-L-

1-2-2 �-L-

�-L-

�-L- �-1,2

�-1,3 �-1,4 �-1,6 N-

(25, 26)
�-L-

(27)

�-L- p-nitrophenyl-�-L-fucopyranoside

pNPF 4-methylumbelliferyl-�-L-fucopyranoside 4-MU-fucoside

(28) 1-2

pH 4.0-6.0 pH 6.0-7.0

pNPF Michaelis 

constant Km 0.1-1.3 mM Maximal velocity (Vmax) 11-27 

	mol/min/mg
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1-2 �-L- (28)  

1-2-3 �-L-

�-L- (�-L-Fucosidase)

�-L- 439

Fuc_1 Fuc_2-1 Fuc_2

1 (1 P34) (Fuc_1 Fuc_2)

Fucosidosis silent (29)Fuc_0 �-L-

Fuc_1 Fuc_2 Fuc_2-1

Fuc_1 Fuc_2-1

Fuc_2 (Fuc_1, Fuc_2) �-L-

Fuc_2-1)

�-L- 10 % �-L-



 

 9 

�-L-

(Fucosidosis)(30)
�-L-

neurovisceral storage disease �-L-

26 Fucosidosis

(31, 32) 422

Cytosin) (Thymine)

�-L- �-L-

Fucosidosis

glycoasparagine(30)

glycoasparginase

glycoasparagine

�-1,6

�-1,6 (33, 34)

�-L-

cystic fibrosis �-L-

(35, 36) 80 Deugnier (37)
�-L-

(38, 39)
�-L-

(tumor marker) AFP �-fetoprotein

(38, 39)
�-L-

(40, 41)
�-L-

�-L-

50 (40)
�-L-

�-L-
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(40, 41)  

 

1-3 �-L- (�-L-Fucosidase)

�-L- (glycohydrolase)

 

HOR (42)

�-L- �-L-Fucosidase �-L-Fucoside fucohydrolase

(exo)

(43, 44) (45-49)

IUB

E.C.3.2.1.X

(50)

(broad substrate 

specificity)

�-L- (hydrolase) (EC 

3.) C-O O- (O-glycoside 

hydrolases EC 3.2.1.-)
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(50,51) L- � �

�-L- �-L-

( �-L-1,2 �-L-1,3 �-L-1,4 �-L-1,6 )

�-L-

EC 3.2.1.51 �-L- �-L-1,2

EC 3.2.1.63 �-L-1,3/1,4 EC 3.2.1.111 �-L-1,6 EC 3.2.1.127

(fold) (52)

(sequence comparision)

(53) 2,000

115 (family) ( ) (54,55)

CAZy (http://afmb.cnrs-mrs.fr/~pedro/CAZY/db.html) 3,000

115

�-L- (�-L-Fucosidase �-L-Fucoside fucohydrolase)

29 CAZY GH-29

95 CAZY GH-95 �-L-

GH-29

(SN1-like) (56) GH-95 (SN2-like) (57)

(retention configuration) (inverting configuration)

(carboxylic acid residues) (58-60)

1-3 (A) (Retention mechanism)
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(retaining glycoside hydrolases)

(glycosylation)

(carboxylic group) (leaving group)

(glycosyl-enzyme intermediate)

(deglycosylation) ( )

(transglycosylation)

5.5 Å (B) (Inversion mechanism)

(inverting glycoside hydrolases) �-

�- ( �- �- )

(C1) (protonation)

(aglycone) (single-displacement 

inverting mechanism)

(

) 6.5 ~ 10.5 

Å 5.5 Å (42, 61, 62)
�-L-

115 70

Protein Data Bank (PDB)

(diversity) �-helix �-sheet

( )
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(clan) GH-A

GH-B …… GH-N (GH glycosylhrdrolase) �-L-

GH-29 Thermotoga 

maritime �-L- (�/�)8

dimer dimer

(63) 1-4 GH-95 Bifidobacterium bifidum �-1,2- L-

(�/�)6
(64) 1-5_A

1-3

(A) (Retention mechanism) (B) (Inversion mechanism)  
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1-4 GH-29 Thermotoga maritima �-L- 3-D (63)

1-5 GH-95 Bifidobacterium bifidum �-L- 3-D (64)

(A) (B)
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1-4 �-L-

 

�-L- (Enzymology)

GH-29 Thermotoga maritima Sulfolobus solfataricus �-1,3(4)-L-

(56,65,66) (retaining glycosidases)

(double-displacement mechanism)

(single-step mechanism) GH-95 Bifidobacterium 

bifidum Bacillus halodurans �-1,2-L- (57,64,67)

1-3 �-L-

�-L-

GH-29 �-L-

(nucleophile) (general acid/base)  

1-3 �-L-

Glycoside 
hydrolase family 

Mechanism 
Catalytic 

Nucleophile/Base 
Catalytic Proton 

Donor 

3D 
structure 

status 

GH-29 Retaining Asp Glu (�/�)8 

GH-95 Inverting Asp Glu (�/�)6 

(wide type)

(mutant enzyme) (68-72)

(73)
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(1) 

�-L-

GH-29 T. maritime 

�-L- (Tm-Fuc) 2005 X-ray

(63) PDB 1HL8 1HL9 1ODU GH-95 B. bifidum �-1,2-L-

(Bb-Fuc) 2007 X-ray (64)

PDB 2EAB 2EAC 2EAD

Tm-Fuc N- �-

4 ( Asp224) 6 ( / Glu266) �-

( 1-6) Bb-Fuc N- �-

�- ( Asp766 /

Glu566 1-5_B)

1-6 GH-29 T. maritime (63)
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(74)

Asp Glu

kcat)

1,000

(2) (active site) (75)

(active site affinity labelling and tandem mass 

spectrometric localization)

( )

(group-specific labels)

(mechanism-based inhibitors) (transitional complex analogue)

(glycone moiety) (aglycone moiety)

1-7  

 

1-7
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(1) 

(2) 

(inhibitor binding)

ki Ki kreact.

1H-NMR

Withers T. maritime �-L-

(Tm-Fuc) 1,2(cis)-difluoro-�-L-fucopyranoside

Tm-Fuc

(peptide mapping)

reactivation ligands (ki) (Ki) kreact.

(76) Tm-Fuc

Asp224Gly Asp224

(56,63) 1-8

1-8 Tm-Fuc Asp224

papain pepsin (enzymatic digestion)
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( ) (RP-HPLC)

(peptide mapping)

ESI-MS/MS (77)

1-9

 
 

1-9  

 

(3) (78) (thermal stability)

(pH-dependence) (structure/reactivity studies) 

(secondary deuterium kinetic isotope effects)
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(a) 

(circular dichroism CD)

L-

�-helix �-sheet unordered

CD 190~250 nm � ( 1-10)

 

1-10 CD �  

 

(b) ( log kcat pH ) (Glycoside 

hydrolase) pH-profile (bell-shaped curve)

pKa (apparent pKa)

(pKa2)

1Å ( )

pKa2 pKa
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(c) (secondary 

deuterium kinetic isotope effect)

Br�nsted plot (log kcat )

kcat Km 103~104

 

 (4) 

(general acid/base) GH-29

Withers Antonio Trincone T. maritima S. solfataricus

(56,65,66) (1) 

(2) pre-steady-state steady-state

(Km kcat) (71) (3) pH 3.0~8.0 (pH dependence)

(4) 

kcat/Km fucosylation step

kcat/Km fucosylation step

103~105 (5) (79) (defucosylation step)

(azide) (formate)

( defucosylation step) kcat

30-300

�-fucosyl_azide 1H-NMR 1-11

�-fucosyl_azide

�-fucosyl_azide (6) 

(80)

1/450  
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1-11 h-Fuc (rescure)

(81)

(66)

�-L- (82,83)
�-L-
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1-5

(carbodiimide)

(84, 85)

(84, 85)

29 1987 White

�-L- (86)
�-L-

(65,66,82,83)

(carboxylate group -COO-)

oxocarbenium ion (87,88)

�-L- - (�-L-fucosyl_enzyme intermediate)

1-12  

�-L-

(Fuc_1 461 ) (Fuc_2 467

) 68 % homology �-L-

�-L-

(Fuc_1 �-L-Fucosidase_1 EC 3.2.1.51)

29 (CAZY GH-29)
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GH-29 �-L- 2005 T. 

maritima X- �-L-

(87) Tm-Fuc

Tm-Fuc h-Fuc

34 % identity  38 % homology Insight II package program (MSI, 

San Diego, CA, USA) (Swiss-Model server

http://swissmodel.expasy.org/) h-Fuc 3D-CPH model ( 1-13

) h-Fuc Tm-Fuc

N (�/�)8( TIM-barrel-like) C

�-sandwich like

h-Fuc Asp Glu

Br�nsted plot �-L-

 

(1) DNA

�-L- (�-L-fucosidase)

(2) 1H-NMR

(3) �-L-

(nucleophilic attack) (4) �-L-

(general acid/base)
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1-12 �-L-
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1-13 �-L- 3D-CPH model

�-L- 3D

T. maritime �-L- 3-D (PDB : 1ODU)  



 

 27 

  
 

2-1

1.

(Tryptone yeast extract) Merck Difco

Merck Aldrich TCI Sigma

Kit (T_A cloning Kit PCR extract Gel extract Plasmid extract Kit T4 ligase Kit) 

GeneMark Viogene NEB  

human �-L-fucosidase pCMV Stratagene  

2

(EYELA NDO-450ND)

(RISEN refrigerated circulators  

FIRSTEK SCIENTIFIC B602D, S300R, S302R)

UV (Agilent 8453) (KUBOTA 7700)

ESI-Q-TOF (Micromass)

EYELA rotary vaccum evaporator N-N series

Misonix, ultransonic processor

(GeneAmp PCR system 2400, 9700  

PC808 Program temp control system) 

3. FPLC system (Pharmacia Biotech FPLC3467) 

HiTrap Desalting column (Pharmacia, 5 mL) HiTrap SP column HiTrap 

Q column G-75 column  HisTrapTM HP Pharmacia  

(ISCO Pharmacia Biotech FRAC-100)  

4. Human �-L-fucosidase : EPFP  
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2-2

�-L- (h-Fuc) pCMV

Stratagene

pCMV cDNA

2-3 (competent cell)

TSS (LB / 10% PEG_8000 / 5% DMSO / 20 mM MgSO4) 5X KCM

 (0.5 M KCl / 0.15 M CaCl2 / 0.25 mM MgCl2) 121 °C 20 1 ml

(Escherichia coli) 100 ml LB 37 °C 150 rpm

OD600 0.4 ( 2~3 )

20 4 °C 350 g ( 1,800 rpm) 8

( ) (

) 20 ml 4 °C 350 g 8

1 ml TSS -80 

°C 15 100 	l -80 °C

2-4 (transformation)

10 	l DNA

20 	l 5X KCM 50 	l heat shock 100 	l

JM-109 20 42 °C 60 20

50 	l LB 37 °C 200 rpm 1 100 	l 50 	l

(LB-Amp) 37 °C 20
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LB-Amp LB-Amp 37 °C

150 rpm 16 3~5 ml

(cycle sequencing) 40 	l

2-5 �-L-

2-5-1

PCR pCMV �-L-

(h-Fuc)

1. h-Fuc pCMV

2. Nde I Hind III HAFUh

5’-CTGCAGCACATATGGTGCGTCGGGCCCAGCCTC-3’ HAFUt

5’-AAGCTTGGATCCTCACTTCACTCCTGTCAGCT-3’

250 	l

(1) human �-L-fucosidase (h-Fuc) pCMV 3.5 	l

(2) 10X reaction buffer 5 	l

(3) HAFUh (125 ng/	l) 1.5 	l

HAFUt (125 ng/	l) 1.5 	l

(3) 10 mM dNTP mix 1 	l

(4) ddH2O 50 	l

(5) 1 	l vent DNA (2.5 U/	l)

3. PCR
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1        1        95 °C      2 min 

                2       20        95 °C     30 sec 

                                  55 °C     35 sec 

                                  69 °C     1 min/kb (vent) 

                3        1        69 °C     1 min 

                         1         4 °C     30 min 

PCR 5 	l DNA PCR 
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2-5-2 �-L- pET22b(+)

(ligation) 

1. pET22b(+) ( I) Nde I Hind III

DNA DNA 5,300bp

2. PCR h-Fuc Nde I Hind III

DNA 1,400bp h-Fuc

3. 1. 2. 1:5 1 	l T4 DNA

(ligase) 1 	l (ligase buffer) ddH2O

10 	l 16 °C 24

4. JM-109 2-4

5. Nde I Hind III DNA DNA

DNA (

DNA pET22b(+)_h-Fuc)

2-5-3 (Sequencing) 

pET22b(+)_h-Fuc JM-109

(Ampicillin 100 	g/ml) (Agar plate) pET22b(+)

Ampicillin (single colony) (

DNA ) (Forward) (Reverse)
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2-5-4 (site-directed mutagenesis)

    Strategen Quick Change

 

        1                               
                                    (  )  

                                           
         
            
        2                              

 
         

                                             
                                            
                                             
                                            pfu

  

                                                      
                                             
                                               
  
       3                                Dpn  
                                         DNA 

                                                 
                                                           
 

4                                 DNA 
                                 JM-109
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2-5-5

28~35 primer 5

E70G(+)   5’ –GCC TGG GGC AGC GGC TGG TTC TGG TGG CAC - 3’  

E70G(-)   5’ – GTG CCA CCA GAA CCA GCC GCT GCC CCA GGC - 3’ 

E79G(+)   5'  –GCA CTG GCA GGG CGG GGG GCG GCC GCA - 3' 

E79Q(-)   5'  –TGC GGC CGC CCC TGG CCC TGC CAG TGC - 3' 

E135G(+)  5’  - ACG ACA AAG CAT CAC GGC GGC TTC ACA AAC - 3’ 

E135G(-)  5’  - GTT TGT GAA GCC GCC GTG ATG CTT TGT CGT - 3’ 

D158G(+)  5’  - GGG CCT CAT CGG GGC TTG GTT CGT GAA - 3’  

D158G(-)  5’  - TTC ACC AAC CAA GCC CCG ATG AGG CCC - 3’ 

D225G(+)  5’  - CTG ATA TGG TCT GGC GGG GAG TGG GAA - 3’  

D225N(-)  5’  - TTC CCA CTC CCC GTT AGA CCA TAT CAG - 3’ 

D258G(+)  5’  - GTG GTA GTA AAT GGC CGA TGG GGT CAG – 3’ 

D258N(-)  5’  - CTG ACC CCA TCG GTT ATT TAC TAC CAC – 3’ 

E275G(+)  5'   - GGA TAC TAT AAC TGT GGA GAT AAA TTC AAG - 3' 

E275Q(-)  5'   - CTT GAA TTT ATC CTG ACA GTT ATA GTA TCC - 3' 

D276G(+)  5’  - TAC TAT AAC TGT GAA GGC AAA TTC AAG - 3’  

D276G(-)  5’  - CTT GA A TTT GCC TTC ACA GTT ATA GTA - 3’ 

E289G(+)  5’  - GAT CAC AAG TGG GGG ATG TGC ACC - 3’  

E289Q(-)  5’  - GGT GCA CAT CTG CCA CTT GTG ATC - 3’ 
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2-5-6

1. Sample reaction

(2) 10X reaction buffer 5	l 

(3) dsDNA (50 ng/	l) (pET22b(+)_h-Fuc ) 3.5 	l

(4) (125 ng/	l) 1 	l 

(125 ng/	l) 1 	l 

(5) 10 mM dNTP mix 1 	l 

(6) ddH2O 50 	l

2. 1 	l pfu DNA (2.5 U/	l)

3. PCR

 1        1        95 °C      2 min 

                2       20        95 °C     30 sec 

                                 57.5 °C     30 sec 

                                  69 °C     2 min/kb (pfu) 

                3        1        69 °C     1 min 

                         1         4 °C     30 min 

4. PCR 5 	l DNA 1 	l Dpn I 37 °C

8~10

5. JM-109 2-4
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2-6

25 % -80 °C

2-7 �-L-

(expression)

2-7-1 DNA

BL21(DE3)

pET22b(+)_h-Fuc E70G E79G/Q E135G D158G

D258G E275G D276G D225G/N E289G/Q  

-80 oC

30 42 °C 60-65 1-2

100 	L LB 37 oC 1

LB-Amp 37 °C 12 ( 2-4)  

2-7-2 �-L-

LB-Amp 5 ml LBA

8 1 ml 50 mL LBA

OD600 0.4~0.5 2 mM IPTG

�-L-
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2-7-3 �-L-

5 mL 200 	l 20 mM

(pH 5.7) (sonication)

 

10 	l (1 mM pNPF) 210 	l (50 mM

pH 7.0) 30 	l UV

400 nm  

2-8 �-L-

2-8-1

pET22b(+)_h-Fuc BL21(DE3)

�-L-

BL21(DE3) �-L-

2-8-2

-80 °C pET22b(+)_h-Fuc BL21(DE3) 5 ml

LB 37 °C 120 rpm 8 5 ml

1 L LBA 2 ml 1 M IPTG ( 2 

mM) 37 °C 100 rpm 30 3 ml

14,000 rpm pH 5.7 0.2 ml
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(45W 75 % pulse) 14,000 rpm 3

pNPF 37 °C UV 400 nm

pNPF

4 °C 7,000 rpm 10

10 ml (10 mM pH 5.7) 10 mM

PMSF 10 	l/ml (45W 75% pulse) 4 °C

17,000 rpm 20

2-8-3

1. (Ammouium sulfate)

20 %

2. 17,000 rpm 4 °C 15

3. 20 % 85 %

4. 3.

5. 17,000 rpm 4 °C 15

20 % ~ 85 %

6. 5. (20 mM pH 5.5) 1.5 ml

HiTrap (Desalting column)

2 ml HiTrap

20 % ~ 85 %
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2-8-4 HiTrap SP 

1. 5 ml 6. 20 %~85 %

(20 mM pH 5.5) HiTrap SP

2. 0 1 M 1.5 ml/min 300 ml

3. 2.5 ml

4. pNPF 37 °C

pNPF

2-8-5 HiTrap Q 

1. HiTrap SP

10,000

2. 1.5 ml (10 mM pH 6.2)

HiTrap 2 ml HiTrap

3. 5 ml 2. (20 mM pH 6.2)

HiTrap Q

4. 0 1 M 1.2 ml/min 300 ml

5. 2.0 ml

6. pNPF 37 °C

pNPF
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2-8-6 G-75

1. HiTrap Q

10,000

2. 1.5 ml (10 mM pH 5.7)

HiTrap 2 ml HiTrap

3. 1 ml 2. (50 mM pH 5.7)

G-75

4. 50 mM ( 10 mM NaCl pH 5.7) 0.7 ml/min

5. 1.5 ml

6. pNPF 37 °C

pNPF
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2-9 6-His h-Fuc D225G/N E289G/Q

D225G/N E289G/Q

2-5-6 h-Fuc D225G/N E289G/Q

pET22b(+) 6-His h-Fuc

6-His

1. plasmid extract kit D225G/N E289G/Q h-Fuc

pET22b(+)_h-Fuc

2. Nde I Hind III HAFUh

5’-CTGCAGCACATATGGTGCGTCGGGCCCAGCCTC-3’ HAFUt1

5’-GCGGCCGCAAGCTTCTTCACTCCTGTCAGCT-3’ ( h-Fuc

) 2-5-1 h-Fuc

PCR

3. 2 PCR h-Fuc pET22b(+)

( ) Nde I Hind III DNA

4. 2-5-2 3.

D225G/N E289G/Q h-Fuc pET22b(+)

5. 

6. BL21(DE3) 6-His D225G/N

E289G/Q h-Fuc 2-8-3

Ni2+-  (HisTrapTM HP) 0-500 mM imidazole

90 % D225G/N E289G/Q h-Fuc
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2-10 SDS-PAGE (homology)

Laemmli 1970 SDS-PAGE

1. 

1.  (Stacking gel) 7 %  (Separation gel) 17.5 %

10 cm ×7.4 cm ×0.1mm

Running gel Stacking gel 

50% Acrylamide / Bisacrylamide 

(48.28 g Acrylamide, 1.72 g Bisacrylamide) 

1.64 mL 

( ) 

0.35 mL 

( ) 

2M Tris-H3PO4 (pH = 8.9) 1.23 mL  

10%SDS 65.63 	l 24.75 	l 
APS in IPA (10%) 32.81 	l 12.75 	l 

TEMED 10 	l 3.5 	l 
H2O 3.59 mL 1.78 mL 

1M Tris-H3PO4 (pH = 6.5)  312.75 	l 

2. Sample loadind buffer

(1)  1 M Tris-HCl (pH 6.8) 0.6 mL 

(2)  50% glycerol 5 mL 

(3)  2-mercaptoethanol 0.5 mL 

(4)  0.1% bromophenol blue 1 mL 

(5)  10% SDS 2 mL 

(6)  H2O 0.9 mL 

Total volume 10 mL
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3. 30 	l 5	l Sample loading buffer 95 0C

2

4. Tris-glycine rumming buffer  (4x)

(1)  Glycine 56 g 

(2)  Tris-Base 12 g 

(3)  SDS 4 g 

Total volume 1L 

800 mL running buffer (1x) Sample loading buffer

150 Tris-glycine running buffer

1.5

2. Coomassie Brilliant Blue G-250

(1) Stain solution  200 mL acetic acid, 500 mL Isopropanol, 

0.6 g Coomassie blue, 1.3 L Mini-Q H2O 

(2) Destain solution 400 mL acetic acid, 400 mL Isopropanol,  

3.2 L Mini-Q H2O 

(3) (  10 cm ×7.4 cm ×1 mm ) Stain solution 30

~ 1

(4) Stain solution Destain solution 30 ~ 1

(5) Destain solution
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2-11

2-11-1 (LC-MASS)

1. 3.5~4 mg/ml �-L- Zip-Tip

Millipore 0.1 mL/s H20:CH3CN:1% HCOOH = 

80:10:10 IPA:CH3CN:HCOOH = 10:10:4

2. 3.5~4 mg/ml E289G 9 mM FPNF

pNPF 8 1. E289G

2-11-2

Bicinchoninic Acid (BCA) Assay

Bicinic acid : 4% (w/v) Copper (II) sulfate 50:10

Standard Working Reagent (SWR) (bovine 

serum albumin, BSA) SWR 1:20 (BSA:SWR) 37 °C 30

10 562 nm

 

2-11-3

10 	l 20 	l

SWR BCA 562 nm

280 nm
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2-12 �-L-

2-12-1  

 

1.  (NMR) Bruker DRX-300

D2O D2O 
4.72 CDCl3 CDCl3


7.24 ppm  (coupling constant) Hz

s (single) d (doublet) t (triplet) q (quarte)

m (multiplet) b (broad peak)  

2.  (TLC) Merck Silica gel 60 F254 (aluminium sheet 

TLC) ICN  SiliTech 32-63 60Å (230~400 mesh) 

 

3. TLC Ninhydrin solution(0.3  ninhydrin in 100  

n-butanol add 3  acetic acid) Anisaldehyde solution(9.2  

Anisaldehyde 3.75  Acetic acid 338  EtOH(95%) 12.5  H2SO4 )  

4. Sigma-Aldrich Acros (TCI)  

5. Activated CH Sepharose 4B  Amersham Bioscience  

6. TEDIA Merck  

7.  (developing solvent)  

8. EYELA ROTARY VACUUM EVAPORATOR N-N series 

 

9.  PANCHUM FREEZE DRYER CT-series  
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2-12-2 �-L-  

(p-nitrophenyl-�-L-fucopyranoside pNPF)  

 

     Acceptor

�-L-  

 

 

 

R= 3-nitrophenyl 4-nitrophenyl 2,4-dinitrophenyl phenyl 2-methyl-4-nitrophenyl

3,4-dinitrophenyl 4-cyanophenyl 2-fluro-4-nitrophenyl 

 

2-1 �-L- :  

(a) Ac2O Pyridine  rt 8 h  

(b) H4N2-HOAc DMF rt 30 min  

(c) CCl3CN Cs2CO3 CH2Cl2 rt 8 h   

          (d) ROH (acceptor) TMSOTf 4Å MS CH2Cl2 -20 °C 30 min   

          (e) NaOMe MeOH rt 30 min 

 

3 4 
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2,3,4-Tri-O-acetyl-�-fucopyranosyl acetate  OAc

Acetylation  

1. 1 (10 mL)

15

2. 15 ml

overnight

3. TLC

(dichloromethane DCM) 1N 

HCl

(MgSO4)

4. Hexane/EA=9/1 Hexane/EA=7/3

0.88 (1) 88 %

 

1-(trichloroacetimidate)-2,3,4-Tri-O-acetyl-�-fucopyranoside

 

1. acetylation (1) 600 183

Hydrazine acetate 3 DMF  

2. 30 (ethyl acetate)

 

(MgSO4)  
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3. 2. CCl3CN

CCl3CN 1:1  

4. 8 (ethyl acetate)

(MgSO4) (2)

93 �:� = 7:1  

 

1-(4-nitrophenyl)-2,3,4-Tri-O-acetyl-�-fucopyranoside  

 

1. (2) 364 140 4-nitrophenol Acceptor

500 4Å 5

3  

2. 3 150  TMSOTf -20 

°C 30  

3. ethylacetate / hexane = 1/6 silica-gel

(3) ethylacetate hexane 56 %   

 

1-(4-nitrophenyl)-2,3,4-Tri-O-hydroxyl-�-fucopyranoside  

 

1. (3) 1 30 32

NaOMe 2  

2. TLC
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3. IR-120

(4) 82 %  

 

2-12-3 �-L-  

 

(3) Acceptor 3-nitrophenyl

4-nitrophenyl 2,4-dinitrophenyl phenyl 2-methyl-4-nitrophenyl 3,4-dinitrophenyl

4-cyanophenyl 2-fluoro-4-nitrophenyl �-L-  

 

 

2-12-4 2- �-L-

(2-chloro-4-nitrophenyl-�-fucopyranoside CNPF)  

 

 

2-2 CNPF : 

(a) H2 Pd(OH)2/C MeOH_EtOAc 77% for 2  

(b) TBDMSCl imidazol DMF 78% for 3  

(c) NIS TMSOTf CH2Cl2 73% for 4   

(d) HF_/pyridine CH3CN 68% for 5  
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1. 5 L-Fucose (89) 1 4.3

2. 0.415 (0.71 mmol) 1 6 ml MeOH/EtOAc (2:1)

Pd(OH)2/C (40 mg)

3. (H2) 80 mL/min 10

4. TLC

5. petroleum ether/EtOAc (3:1) 2 (

0.306 ) 79 %

6. 1.04 (5 mmol) 2 5 mL N,Ndimethylformamide( DMF)

imidazole (2.04 30 mmol) Tert-butyldimethylsilyl chloride (TBDMSCl) (2.26

15 mmol) 0 °C 30

40 °C 12

7. TLC

(MgSO4) 

8. petroleum ether/EtOAc (20:1) 3(

0.8 ) 78 %

9. 2.0 (3.73 mmol) 3 0.712 (4.1 mmol) 2-chloro-4-nitrophenol

60 °C 10 ml NIS (0.923

4.01 mmol) TMSOTf (30 	l 0.19 mmol)

-42 °C 30

10. TLC Et3N

11. petroleum ether/EtOAc 30:1 20:1

4 ( 1.25 ) 61 %

12. 1.0 (1.54 mmol) 4 4 ml 15 mL 15 mL
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HF (70 %) 0 oC

20

13. TLC

14. EtOAc 5( 0.335 )

68 %

 

 

2-12-5 O-hydroxyl-1-(2,3-epoxypropyl)- �-L-fucopyranoside (EPFP)

     
2-3

 

2-3 EPFP

O

OH
OH

HO

CH3

OH
Ac2O/Et3N

O

OAc
AcO

AcO

CH3

OAc

Allyltrimethylsilane

BF3OEt2

O

OAc
AcO

AcO

CH3

K2CO3

MeOH

O

OH
OH

HO

CH3
+ isomer

TBDMSOTf
diisopropyl ethyl amine

O

OTBDMS
TBDMSO

TBDMSO

CH3

2,6-di-t-butyl-4-methyl
phenol

m-CPBA

O

OTBDMS
TBDMSO

TBDMSO

CH3

O

O

OH
OH

HO

CH3

O
TBAF/THF
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2-12-6 Fuconolactone

        

Fuconolactone �-L-

oxocarbenium ion

Fuconolactone  

 

O

OBn
OBn

OBn

OH

O

OBn
OBn

OBn

O

O

OH
OH

OH

O
a b

  

 

   2-4  Fuconolactone :  

(a) PCC, CH2Cl2, 4Å MS, rt, 1 h   

(b) H2, 5  Pt C , EtOH, rt, 12 h  

 

1. (1) 40 ( (90)) 3

170 PCC 250 4Å 1  

2. ethylacetate / hexane = 1/4 silica-gel

(2)  

3. 80 (2) 10 5  Pt(C)

12  

4. celite Pt(C)  

methanol / dichloro methane = 1/6 silica-gel

Fuconolactone. 

1 2 3 
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2-13 �-L-

2-13-1

pH �-L-

1. 370 	l 50 mM (pH 7.0) 0.25 mM pNPF 4 

°C

2. 30 	l h-Fuc 400 nm

(initial velocity)

3. 1 2. 16 °C 25 °C 37 °C 45 °C 55 °C 65 °C 75 °C 85 °C

95 °C 400 nm

4. 

2-13-2 (Thermostability)

pH �-L-

1. 30 	l h-Fuc 25 °C 370 	l 0.25 mM 

pNPF 50 mM 400 nm
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(initial velocity) 1

2. 500 	l h-Fuc 25 °C 1 , 20 , 40 , 60 , 80 , 100 , 

130 , 160 1. 400 nm

3. 2. 1. 25 

°C

4. 2. 3. 37 °C 45 °C 55 °C 60 °C 65 °C 75 °C

5. 

2-13-3

�-L-

pH

Glycine/HCl (50 mM pH 2 2.5 3) Citric (50 mM pH 3.5) NaOAc (50 mM pH 4

4.5 5 5.5) MES (50 mM pH 5.5 6) Na2HPO4 (50 mM pH 6.5 7 7.5) Hepes 

(50 mM pH 7.5 8) Tris (50 mM pH 8 8.5) Glycine/NaOH (50 mM pH 9 9.5

10) Caps (50 mM pH 10 10.5) 

1. pH 25 °C

2. 30 	l h-Fuc 0.25 mM pNPF 348 nm

(initial velocity)
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3. pH

pH

 
 

2-13-4 (pH stability)

�-L-

pH

Glycine/HCl (50 mM pH 2 3) NaOAc (50 mM pH 4 5) MES (50 mM pH 6)

Na2HPO4 (50 mM pH 7) Tris (50 mM pH 8) Glycine/NaOH (50 mM pH 9) 

1. 30 	l h-Fuc 25 °C 370 	l 0.25 mM 

pNPF 50 mM 400 nm

(initial velocity) 1

2. 500 	l (50 mM pH 5.0) 25 °C

3. h-Fuc 25 oC 1 , 20 , 40 , 60 , 80 , 100 , 130 , 160

1. 400 nm

4. 3. 1. 25 

°C pH 5.0

5. 2. 4. pH

6. 

pH pH

pH
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2-13-5

 

�-L-

 Cu2+ Cd2+ Ni2+

Ba2+ Zn2+ Co2+ Mn2+ Ca2+ Mg2+ Fe2+ Pb2+ Hg2+ EDTA DTT  

2-mercaptoethanol  

 

1. 30 	l h-Fuc 0.25 mM pNPF 25 °C pH 

7.0 50 mM 400 nm

(initial velocity) 1

2. 1. 30 	l h-Fuc 0.25 mM pNPF 25 °C

pH 7.0 5 mM 50 mM

400 nm

3. 2. 1.

5 mM

h-Fuc

2-14 �-L-

�-L- pNPF
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1. D2O (20 mM pD 7.0) pNPF

H

2. �-L- D2O H2O

H

3. H2O pNPF NMR

4. 0.5 ml 1. pNPF NMR

5. 0 ~ 200

6. (chemical shift) 5.12 4.48

�-L-

2-15 �-L-

CNPF pNPF pCPF 2 mg 700 	l

(20 mM pH 5.5) 200 	L 100 	l

h-Fuc ( 2.36 	g / 	L) 1 ml 6 M (~20%)

200 	l

37 °C 36

0.5 mL D2O

2~3 500 mL D2O NMR tube

0.5 ml NMR 50 °C

(chemical shift)
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2-16 �-L- kcat Km

Km

Michaelis-Menten equation (double reciprocal plot) (19)

E + S ES E + P
Km kcat

steady-state

V = Vmax [S] / Km + [S]   Vmax = kcat x [E]t   

[E]t

kcat  

1 / V = Km / Vmax 1 / S + 1 / Vmax 

Vmax 

Km 

 Km / Vmax 1 / Vmax - 1 / Km

Km

h-Fuc ( 0.95 	g/	l ) 50 mM 

pH 6.8 aryl substrates (

) UV

(initial velocity V0) (double reciprocal plot) Km kcat
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2-16-1 �-L-

�-L-

p-nitrophenyl-�-L-fucopyranoside (pNPF)

p-nitrophenyl-�-D-arabinopyranoside (pNPAP) p-nitrophenyl-�-L-arabinofuranoside (pNPAF)

p-nitrophenyl-�-D-Galactopyranoside (pNP-Gal) p-nitrophenyl- �-D-Glucopyranoside (pNP-Glc)

p-nitrophenyl-�-N-acetylglucosamine (pNP-GlcNAc)

 

1. 0.93 	g/	l h-Fuc 0.25 mM~2 mM

pNPF 37 °C pH 6.8 50 mM /100 mM

400 nm (initial velocity)

2. kcat Km

3. pNPF pNPAP pNPAF pNP-Gal pNP-Glc

pNP-GlcNAc 1. 400 nm kcat

Km

2-16-2 �-L-

kcat Km (pH-profile )

 
 

1. pH Glycine/HCl (50 mM pH 2 2.5 3) Citric (50 mM pH 

3.5) NaOAc (50 mM pH 4 4.5 5 5.5) MES (50 mM pH 5.5 6) Na2HPO4 

(50 mM pH 6.5 6.8 7 7.5) Hepes (50 mM pH 7.5 8) Tris (50 mM pH 8)
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25 °C  

2. 0.93 	g/	l h-Fuc 0.5 mM~2 mM

pNPF 37 °C UV 348 nm

(initial velocity)

3. Lineweaver-Burk method

kcat Km pH pH

4. h-Fuc 1. 3. kcat Km

pH

2-16-3 �-L-

kcat Km (Br�nsted plot )

1. pNPF 50 mM (pH 6.8) (0.05 mM ~2 mM)

0.93 	g/	l h-Fuc 37 °C UV 400 

nm 

2. pNPF Michaelis-Menten equation Km Vmax

pNPF

Km Vmax

3 1.~2. pNPF 2,4-dinitrophenyl-fucopyranoside 

(DNPF 0.02 mM-0.25 mM) 2-chloro-4-nitrophenyl-fucopyranoside (CNPF

0.02 mM- 0.25 mM) 2-fluoro-4-nitrophenyl-fucopyranoside (FNPF

0.02 mM- 0.5 mM) 2-methyl-4-nitrophenyl-fucopyranoside (MeNPF 0.2 mM- 

1.5 mM) 3-nitrophenyl-fucopyranoside (mPNPF 0.5 mM- 1.2 mM)

4-cyanophenyl-fucopyranoside (pCPF 0.1 mM- 0.5 mM)
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Phenyl-fucopyranoside (PF 0.1 mM- 0.5 mM) UV

( II) (initial velocity V0)

Lineweaver-Burk method (double reciprocal plot) Km kcat  

4. h-Fuc 1. 3. kcat Km

pKa

2-17  

 

O-hydroxyl-1-(2,3-epoxypropyl)- 

�-L-fucopyranoside (EPFP)

(nucleophile general 

acid/base) 

1. EPFP (3.5 7 15 22.5 35 mM) h-Fuc

20 mM (pH 5.7)

0.25 mM pNPF 50 mM (pH 7.0) UV

400 nm ( EPFP )

Enzfit

kobs ( s-1)

2. 5 EPFP 5 kobs

3. 5 kobs EPFP (y = ax +b) EPFP

h-Fuc (ki) (Ki)

4. 1.~ 4.

(LC/MS/MS)
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1. 0.25 mM pNPF (50 mM

pH 6.8 37 oC)

2. (0.25~2 mM) (
-Fuconolactone)

3. � �

( ) Ki

4. (L-Fucose 1-O-Methyl-�-L-Fucose)

Ki

2-18 �-L-

1. 50~3000 mM pH 6.8 50 mM

2 [S]»Km E289G/Q 10 	l (

0.93~1.14 	g/	l) CNPF FNPF pNPF

( 0.5~2.5 mM) 37 °C 400 nm

( kcat )

3 pNPF

4 kcat 24 0.5 M

E289Q pNPF

2-16-2
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2-19 1H-NMR

D225G

1. 1.5 M sodium azide ( ) 50 mM (pH 6.5)

80 mM FNPF

2. D225G ( 1.69 	g/	l) 1.

3. TLC FNPF FNPF

4. 3. (5 mL)

15

5. 10 ml overnight

6. TLC

(dichloromethane DCM)

(MgSO4)

7. Hexane/EA=9/1 Hexane/EA=7/3

8. 7. D- NMR 1H-NMR

9. (chemical shift) D225G



 

 63 

E289G

1. D2O 1.5 M sodium azide ( ) 5 mM (pD 6.8)

7.5 mM CNPF

2. E289G ( 1.4 	g/	l) 1.

3. CNPF NMR

4. 0.5 ml 1. CNPF NMR

5. 0.1 ml 2. 0 ~ 300

6. (chemical shift)

E289G

2-20 E289G

 

kcat 24 0.5 M 

aryl-fucopyranosides

1 (CNPF FNPF pNPF MeNPF mPNPF pCPF

PF) 500 mM 50 mM (pH 6.8)

(0.5 mM~2.5 mM) E289G 37 °C

400 nm
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2 Lineweaver-Burk method

Km Vmax ( kcat )

3 log kcat log kcat/Km (kcat= Vmax/[E]t) pKa Br�nsted 

plot

2-21 CD (circular dichroism)

(AL) (AR)

A= AL AR

(CD )

1. Jasco J-815 h-Fuc

( 200~250 nm) 25~30 	M

(1 mM pH 7.0)

16

2. ellipticity (�)

ellipiticity ([�]MRW).

[�]MRW = �/(10*Cr*l)      Cr = (n*1000*cg)/Mr 

� ellipticity in mdeg Cr l 

n peptide bond cg (g/mL) Mr 

[�] deg*cm2*decimole-1 
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2-22

GH-29 Thermotoga maritima (Tm-Fuc

Q9WYE2 PDB 1ODU) Swiss-Model server

(http://swissmodel.expasy.org/) �-L- 3D-CPHmodel

CAZy  (http://www.cazy.org/) GH-29

�-L- InterPro

(http://www.ebi.ac.uk/interpro/) (�/�)8 (

TIM-barrel domain IPR017853) Halocynthia 

roretzi (Q8TA71 Hr-Fuc) Schistosoma japonicum (Q86FH9 Sj-Fuc) Pongo abelii 

(Q5RFI5 Pa-Fuc) Drosophila melanogaster (Q9VTJ4 Dm-Fuc) Caenorhabditis elegans 

(P49713 Ce-Fuc) Dictyostelium discoideum (P10901 Dd-Fuc) h-Fuc

70 % �-L-

Tm-Fuc 7-356 h-Fuc 31-365 Hr-Fuc 55-392 Sj-Fuc 33-369

Pa-Fuc 31-366 Dm-Fuc 33-368 Ce-Fuc 17-350 Dd-Fuc 20-361 PSIPRE

(http://zeus.cs.vu.nl/programs/pralinewww/)

Combinatorial Extension (CE)

C�-C� 20 Å h-Fuc Tm-Fuc
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3-1 �-L-
 

�-L-

Fuc_1 Fuc_2-1 Fuc_2

�-L- (Fuc_1)

439

pGEX-2T Glutathione 

S-transferase(GST) (fusion protein)

(inclusion bodies)(91)
�-L-

�-L-

( III) 90 %

pRSET_A pET

DNA BL21(DE3)

pET22b(+) �-L-

JM-109 �-L-

pCMV NdeI HindIII

PCR �-L-

�-L-

(MRSRPAGPALLLLLLFLGAAES)

N ATG( Met) ( 3-1

) PCR NdeI HindIII

1,400bp T4 pET22b(+)

BL21(DE3) 3-2
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3-1 h-Fuc Fuc(NCBI AAA52481)

 

3-2 pET22b(+) h-Fuc
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3-2 �-L-

PCR BL21(DE3) h-Fuc

pET22b(+) lacZ

IPTG �-L-

pH 4.0~6.0

pH

5 mL LBA OD600 0.6~0.8

1 L pH 4.0~8.0 LBA ( 2 mM IPTG) 

OD600 ( 3-3_A ) pNPF

UV 400 nm ( 3-3_B) pH

6.0 24~30

pH 6.0

 

 

3-3 h-Fuc BL21(DE3)
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3-3 �-L-

�-L-

BL21(DE3)

HiTrap SP pH 5.5

HiTrap SP ( 3-4_A) pH 5.5

�-L- 500~700 

mM �-L-

HiTrap Q pH 6.2

250~350 mM (

3-4_B) �-L-

G-75 0.70 ml/min pH 5.7

( 3-4_C) �-L-

SDS-PAGE ( 3-5_A) 95 %

( 3-1 )

3-1 h-Fuc

Step 
Total 

Protein 
(mg) 

Total 
Activity 
(units) 

Specific 
Activity 

(units/mg) 

Purity 
Fold 

Yield 
(%) 

Crude enzyme extract* 102 651 6.4 1 100 

HiTrap SP ( pH 5.5 ) 34.8 342 9.8 1.5 34 

HiTrap Q ( pH 6.2 ) 6.7 266 39.7 6.2 20 

Superdex G-75 (pH 5.7) 0.34 72 211.7 33.1 5.1 

20 % ~ 85 % Crude enzyme extract
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(A)  

 
(B)  

 

OD/280 nm (-�-)  NaCl, % (—)  h-Fuc activity (-�-) 

(C) 

 

3-4 h-Fuc

(A) HiTrap SP (B) HiTrap Q

(C) G-75
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(A)                                   (B)

3-5 h-Fuc SDS-PAGE

(A) lane M protein marker 14.5-97 kDa

             lane A SP h-Fuc

lane B Q h-Fuc

             lane C G-75 h-Fuc

(B) lane M protein marker 14.5-97 kDa  

lane A E79G h-Fuc

lane B D225G h-Fuc ( 6-His )  

lane C E289G h-Fuc ( 6-His )
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3-4 �-L-
 

3-4-1
        

�-L- SDS-PAGE

50 KDa Q-TOF LC/MS

50895.0 Da ( 3-6) Vector NTI ( 3-2)

51028.5 Da 133 Da

N Met (M.W.= 131 Da)

3-6 h-Fuc

 
3-2 Vector NTI h-Fuc

Analysis Entire Protein 
Length 439 aa 

Molecular Weight 51028.5 m.w. 

1 microgram = 19.655 pMoles 
Molar Extinction coefficient 178430 

1 A[280] corr. to 0.29 mg/ml 
A[280] of 1 mg/ml 3.51 AU 

Isoelectric Point 6.03 
Charge at pH 7 -5.09 
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3-4-2

Bradford Assay Lowry 

Assay UV BCA Assay

Bicinchoninic Acid (BCA) Assay

BCA OD562 (Y = aX + b) (

IV ) OD562

UV 280 nm 1 OD280  	g / 	L

OD280

BSA ( ) 1 	g / 	L

h-Fuc (10 	L) BCA OD562 0.71 1.63 

	g / 	L OD280 1.42 OD 1 OD280 = 1.16 	g / 	L

 

 

3-5 �-L-

 

        

pH - profile pH

pH
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3-5-1 �-L-  
 

        �-L-

h-Fuc

Glycine/HCl (50 mM pH 2 2.5 3) Citric (50 mM pH 3.5) NaOAc (50 mM

pH 4 4.5 5 5.5) MES (50 mM pH 5.5 6) Na2HPO4 (50 mM pH 6.5 7 7.5)

Hepes (50 mM pH 7.5 8) Tris (50 mM pH 8 8.5) Glycine/NaOH (50mM pH 9

9.5 10) Caps (50mM pH 10 10.5) 0.25 mM pNPF 37 oC UV

400 nm h-Fuc pH

pH (

3-7) pH 3.5~5.5 pH

pH pH 8.0

  

108642

0.0008

0.0006

0.0004

0.0002

0

pH

E
nz

ym
e 

ac
tiv

ity
 (O

D
 4

00
 n

m
)

Glycine-HCl

NaOAc

MES

Na2HPO4

Hepes

Tris

Glycine-NaOH

Caps

 
 

3-7 h-Fuc  
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3-5-2 �-L-
 
        3-9 h-Fuc 25 oC

pH (50 mM pH 7.0) 0.25 mM

pNPF 37 oC UV 400 nm

pH

(residual activity ratio) 25 oC pH 5.7

3-8 25 oC 4 pH 3.0

pH 6.0 95 % pH 2.5 pH 7.0

70 %~85 % pH 8.0

pH 3.0 6.0

 

 

3-8 25 0C h-Fuc
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3-5-3 �-L-  

   

h-Fuc 4 16 25 37 45 55 65 75

85 95 oC 50 mM (pH 7.0) 0.25 mM pNPF

UV 400 nm (

3-9_A ) h-Fuc

75 oC

75 oC

65 oC ~70 
oC h-Fuc pNPF 1  

 

 

3-5-4 �-L-

 

        3-9_B h-Fuc 25 oC ~ 75 oC

0.25 mM pNPF 37 
oC 50 mM (pH 7.0) UV 400 nm

4 oC h-Fuc

pNPF h-Fuc

h-Fuc 4

25 oC ~ 55 oC

60 oC

60 oC
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(A)  

 
(B) 

3-9 h-Fuc

(A) 

(B) 
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3-5-5 �-L-

(active site)

metalloenzyme

metalloenzyme

37 0C

h-Fuc 0.25 mM pNPF 5 mM

3-3 h-Fuc

Hg2+ h-Fuc

90 % h-Fuc

Hg2+ DTT 2-mercaptoethanol

h-Fuc

Cys

h-Fuc

h-Fuc Cys (92)

3-3 h-Fuc

None 

Cu2+ 

Cd2+ 

Ni2+ 

Ba2+ 

Zn2+ 

100 % 

103 % 

107 % 

102 % 

96 % 

108 % 

Hg2+ 

Co2+ 

Mn2+ 

Ca2+ 

Mg2+ 

Fe2+ 

0.7 % 

109 % 

105 % 

97 % 

92 % 

106 % 

Pb2+ 

EDTA 

DTT 

2-mercaptoethanol 

104 % 

94 % 

3 % 

1 % 

�-L- 5 mM

pNPF 37 0C UV 400 nm
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3-6 -�-L-  (aryl-�-L-fucopyranosides)

 

-�-L-

pKa (coupling) pKa

�- (1,2-cis) Acetobromoglycoside (94,95) 

phenols -�-L-

2-1 2-2

1-(trichloroacetimidate)-2,3,4-Tri-O-acetyl-�-fucopyranoside (

2-1 2) -20 0C (kinetic control)

(phenols) �-

-�-L- 65~75%

-�-L-
(92)

-�-L- 1H-NMR 

(300MHz) V VI

1. TAF : 8.22-8.19 (m, 2H, ArH), 7.17-7.13 (m, 2H, ArH), 5.86 (d, 1 H, J = 4.0Hz, H-1), 

5.58 (dd, 1 H, J = 6.0,12.0Hz, H-3), 5.37 (ddd, 2 H, J = 6.0,6.0,12.0Hz, H-2, H-4), 4.29 (q, 

1 H, J = 7.0, 14.0 Hz, H-5), 2.19 (s, 3 H, AcO), 2.05 (s, 3 H, AcO), 2.01 (s, 3 H, AcO), 1.21 

(d, 3 H, J = 7.0Hz, H-6) C14H20O9 

 

2. 2,4-Dinitrophenyl-�-L-fucopyranoside (DNPF) : 1.32 (d, 3H, J = 6.0 Hz, H-6), 

3.71-3.8 (m, 2H, H-4, H-5), 3.84 (dd, 1H, J = 3.6, 9.3 Hz, H-3), 4.14 (dd, 1H, J = 8.1, 9.5 

Hz, H-2), 5.60 (d, 1H, J = 5.1 Hz, H-1), 7.50 (d, 1H, J = 9.0Hz, ArH), 8.45 (dd, 1H, J = 2.7, 

9.3Hz, ArH), 8.69 (d, 1H, J = 2.7Hz, ArH) C12H14N2O9 
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3. 2-Fluoro-4-nitrophenyl-�-L-fucopyranoside (FNPF) : 1.09 (d, 3 H, J = 6.5 Hz, H-6), 

3.81 (m, 2 H, H-4, H-5), 3.94 (dd, 1 H, J = 3.5, 9.6 Hz, H-3), 4.08 (dd, 1 H, J = 7.3, 9.6 Hz, 

H-2), 5.77 (d, 1 H, J = 3.16 Hz, H-1), 7.37 (d, 1 H, J = 9.2 Hz, ArH), 8.06 (dd, 1 H, J = 2.6, 

9.2 Hz, ArH), 8.85 (d, 1 H, J = 2.6 Hz, ArH) C12H14NO7F 

 

4. 2-Chloro-4-nitrophenyl-�-L-fucopyranoside (CNPF) : 1.13 (d, 3 H, J = 6.6 Hz, H-6), 

3.74-3.83 (m, 2 H, H-4, H-5), 3.95 (dd, 1 H, J = 3.6, 9.6 Hz, H-3), 4.33 (dd, 1 H, J = 7.6, 

9.6 Hz, H-2), 5.71 (d, 1 H, J = 3.78 Hz, H-1), 7.31 (d, 1 H, J = 9.2 Hz, ArH), 8.08 (dd, 1 H, 

J = 2.6, 9.2 Hz, ArH), 8.85 (d, 1 H, J = 2.6 Hz, ArH) C12H14NO7Cl 

 

5. p-nitrophenyl-�-L-fucopyranoside (pNPF) : 1.22 (d, J = 6.0 Hz, 3H, H-6), 3.72-3.8 

(m, 2H, H-4, H-5), 3.94 (dd, J = 3.0, 9.0 Hz, 1H, H-3), 4.30 (dd, 1 H, J = 7.2, 9.1 Hz, H-2), 

5.87 (d, 1 H, J = 4.0 Hz, H-1), 7.33 (d, 2 H, J = 8.7 Hz, ArH), 8.32 (d, 2 H, J = 9.3 Hz, 

ArH) C12H15NO7 

 

6. 2-Methyl-4-nitrophenyl-�-L-fucopyranoside (MeNPF) : 1.20 (d, 3 H, J = 6.4 Hz, 

H-6), 2.37 (s, 3 H, CH3), 3.72-3.78 (m, 2 H, H-4, H-5), 3.96 (dd, 1 H, J = 3.6, 9.6 Hz, H-3), 

4.02 (dd, 1 H, J = 7.6, 9.6 Hz, H-2), 5.70 (d, 1 H, J = 4.88 Hz, H-1), 7.28 (d, 1H, J = 9.8 Hz, 

ArH), 8.08 (dd, 1 H, J = 2.6, 9.6 Hz, ArH), 8.11 (d, 1 H, J = 2.6 Hz, ArH)

C13H17NO7 

 

7. m-nitrophenyl-�-L-fucopyranoside (mNPF) : 1.25 (d, 3H, J = 7.0Hz, H-6), 3.66-3.72 

(m, 2H, H-4, H-5), 3.8 (dd, J = 3.5, 9.6 Hz, 1H, H-3), 4.16 (dd, 1H, J = 6.9, 9.3 Hz, H-2), 

5.73 (d, J = 3.6Hz, 1H, H-1), 7.41-7.37 (m, 1H, ArH), 7.50-7.45 (m, 1H, ArH), 7.94-7.90 

(m, 2H, ArH) C12H15NO7 

 

8. p-cyanophenyl-�-L-fucopyranoside (pCPF) : 1.21 (d, 3 H, J = 6.8 Hz, H-6), 3.7-3.76 

(m, 2 H, H-4, H-5), 3.87 (dd, J = 3.0, 9.0 Hz, 1H, H-3), 4.16 (dd, 1 H, J = 7.2, 9.1 Hz, H-2), 

5.83 (d, 1 H, J = 3.6 Hz, H-1), 7.12 (d, 2 H, J = 8.7 Hz, ArH), 7.65 (d, 2 H, J = 8.9 Hz, 

ArH) C13H15NO5 

 

9. phenyl-�-L-fucopyranoside (PF) : 1.25 (d, 3 H, J = 7.0 Hz, H-6), 3.74-3.82 (m, 2 H, 

H-4, H-5), 3.97 (dd, 1 H, J = 3.6, 9.0 Hz, H-3), 4.3 (dd, 1 H, J = 7.2, 9.5 Hz, H-2), 5.74 (d, 

1 H, J = 3.6 Hz, H-1), 7.07-6.81 (m, 3 H, ArH), 7.33-7.21 (t, 2 H, ArH)

C12H16O5 
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3-6-1 (substrate specificity)

(exo-type)

�-L-

�-L- Km kcat DNPF CNPF FNPF

pNPF MeNPF mNPF pCPF PF pNPAP pNPAF pNP-Gal pNP-Glc pNP-GlcNAc

Km kcat 3-4 3-5

3-4 h-Fuc a Km kcat

Phenyl substrate Km (mM) kcat (s-1) kcat/Km (s-1.mM-1) 

pNP-�-L-Fuc 
p-NPAPc 
p-NPAFc 
pNP-Galc 
pNP-Glcc 
pNP-GlcNAcc 

0.284 ± 0.002 
0.73 ± 0.02 

 NDb 
ND 
ND 
ND 

17.07± 0.02 
1.9 ± 0.1 

ND 
ND 
ND 
ND 

60.11 
2.6 

 
 
 
 

a. 37 °C, 400 nm, pH 6.8 50 mM /0.1 M 

0.25 ~ 2 mM   

b. ND  

c. p-Nitrophenyl-�-D-arabinopyranoside (p-NPAP) p-Nitrophenyl-�-L-arabinofuranoside 

(p-NPAF) p-Nitrophenyl-�-D-galactopyranoside (pNP-Gal) p-Nitrophenyl-�-D-glucopyranoside 

(pNP-Glc) p-Nitrophenyl-�-N-acetylglucosamine (pNP-GlcNAc) (from sigma)  

3-4 �-L-

pNPF kcat = 17.07 s-1 Km = 0.284 mM

pNPAF pNP-Gal  pNP-Glc pNP-GlcNAc

pNPAP pNPF 1/23

kcat = 1.9 s-1 Km = 0.73 mM pNPAP pNPF

arabinose C5 -CH3 -H pNPAP

kcat Km C5
(93)

3-5
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CNPF FNPF MeNPF mNPF pCPF PF

Km kcat 2 4

aryl-�-L-

�-L- 3-7

 

 

3-7  

 

�-L-

Km Km (enzyme-substrate complex ES complex)

(apparent dissociation constant) Km

kcat turnover number

ES complex

kcat

�-L-

(k2 k3)

 

k2 k3

NPF nitrophenyl fucoside NP nitrophenol F Fucose 

 
kcat (s-1) (k2 k3)

kcat/Km (s-1.mM-1)

�-L-

k2
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(97) (56, 65)
�-L-

SN1

�-L-

DNPF 3,4-DNPF CNPF FNPF pNPF MeNPF mNPF pCPF PF

h-Fuc

Km kcat Km kcat

pKa Br�nsted plot

�-L-

pKa 2,4-dinitrophenyl-�-L-fucopyranoside (pKa=3.96)

3,4-dinitrophenyl-�-L-fucopyranoside (pKa=5.36) h-Fuc

�-L- CNPF FNPF pNPF MeNPF mNPF pCPF PF pKa

5.42 9.99 37 0C 50 mM (pH 6.8)

h-Fuc CNPF FNPF pNPF

MeNPF mNPF pCPF PF

Km 0.27 mM 0.28 mM 0.28 mM 0.48 mM 0.34 mM 0.71 mM 1.18 

mM Km kcat pKa

3-5 3-10_A log kcat pKa Br�nsted plot

log kcat/Km pKa Br�nsted plot 3-10_B  

 

3-5 �-L- Km kcat  

substrate pKa kcat (s-1) Km(mM) kcat/Km (s-1.mM-1) log kcat log (kcat/Km) 
CNPF 5.42 18.77 0.27 68.77 1.27 1.84 
FNPF 6.20 18.22 0.28 65.29 1.26 1.81 
pNPF 7.18 17.07 0.28 60.11 1.23 1.78 

MeNPF 7.42 13.64 0.48 28.42 1.13 1.45 
mNPF 8.39 8.97 0.34 26.53 0.95 1.42 
pCPF 8.49 8.95 0.71 12.58 0.95 1.1 

PF 9.99 5.5 1.18 4.66 0.74 0.67 
* 50 mM /100 mM , pH6.8, 37 0C  
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fucosylation

pKa kcat kcat/Km

3-10 log kcat pKa

Br�nsted plot ( �lg  -0.13)

( )

log kcat /Km pKa ( �lg = 

-0.27) h-Fuc ( E.S complex)

Km pKa 3-5

(C1) C-O

(rate-limiting step)

fucosylation step

 
(A) (B) 
 

 

3-10 h-Fuc Br�nsted plot

3-5 (A) log kcat pKa (B) log kcat/Km pKa
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3-8 �-L-
 

�-L- (�-L-fucosidase Fuc)

GH-29 GH-95 GH-29 GH-95

�-1-3,4 �-1-2 �-L-

(catalytic of the anomeric configuration)

GH-95 (inversion mechanism) GH-29

(retention mechanism) T. maritime S. 

solfataricus

(essential amino acid)

(-AH) 

(leaving group)

(nucleophilic attack) fucosylation step

defucosylation step

(Transition-State) carbocation

fucosyl-enzyme intermediate 3-11

Aspartic acid Glutamic acid

3-11 �-L-



 

 86 

3-8-1 �-L-

25 °C

h-Fuc pNPF 3-12 3-13 pNPF

1 H (doublet) (chemical shift)


=5.87 ppm J1;2 = 4.0 Hz 3-12 �-form 1


 = 4.48 ppm J1;2 = 3.9 Hz �-form 1


 = 5.12 ppm J1;2 = 8.1 Hz 3-13


 = 4.48 ppm 5.12 ppm

15 
 = 4.48 ppm 30


 = 4.48 ppm 
 = 5.12 ppm

� �= 95 5 60 � � 88

12 �-form �-form

mutarotation �-form 150

�-form �-form 72:28

�-form h-Fuc (double displacement 

mechanism) 3-11

- (fucosyl-enzyme 

intermediate) phenol -

 

 

3-12 pNPF C 1
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3-13 h-Fuc pNPF

(a) pNPF h-Fuc
(b) h-Fuc pNPF 15
(c) h-Fuc pNPF 30
(d) h-Fuc pNPF 60
(e) h-Fuc pNPF 150
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3-8-2 (Common intermidiate)

  

- phenol

-

3-14

 

 

3-14 h-Fuc

pH-profile

�-L- (retenting)

(two-step)

(CNPF

pNPF pCPF) (6.0 M)

h-fuc

D2O

LC/MS 1-MeFuc(m/z = 201.12)
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L-Fuc(m/z = 187.11) 3-15_A 1H-NMR 3-15_B

NMR chamber 50 °C ( (96))

�-MeFuc C1-H (chemical shift) 4.39 ppm (J1;2 = 3.4)

(D2O) 50 °C NMR �-MeFuc C 1-H

1 �-Fucopyranoside C1-H

4.18 ppm (J1;2 = 3.9) �-Fucopyranoside C1-H 5.13 ppm (J1;2 = 8.2)

3-6 Fuc MeFuc

3-6 NMR  
 

*
Ratio �-Fucopyranoside C1-H �- Fucopyranoside C1-H �-MeFuc C1-H 

 

3-6 1H-NMR

h-fuc (retention of the anomeric 

configuration)

(common 

intermediate)

1-12

(double displacement & retention of anomeric configuration)

(two-step) (Glycosylation)

(deglycosilation)

( pKa )

( pKa )

 
�-MeFuc 

C 1-H 

�-Fuc 

C 1-H 

�-Fuc 

C 1-H 
Ratio* 

CNPF 1 0.25 1.06 1.31 

pNPF 1 0.22 1.11 1.33 

pCPF 1 0.26 1.04 1.30 
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3-15 h-Fuc pNPF/ MeOH

(A) LC/MS (B) 50 0C 1H-NMR

 

3-9 �-L-

 

Na2HPO4/Citric acid (50 mM/100 mM NaCl pH 3.5) NaOAc (50 mM/100 mM 

NaCl pH 4.0 4.5 5.0 5.5) MES (50 mM/100 mM NaCl pH 6.0) Na2HPO4 (50 mM/100 

mM pH 6.5 7.0 7.5) p-nitrophenyl-�-L-fucopyranoside (0.01 

mM~2 mM) 400 	l 37 °C 3

pNPF T. 
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maritime �-L- pNPF 2 

mM L- (56)

�-L- 3-16_A

Km Michaelis-Menten equation

Km=0.387 mM kcat= 29.68 s-1 (double reciprocal plot) Km= 

0.39 mM kcat= 29.71 s-1

Km kcat 3-16_B

Lineweaver-Burk method

(double reciprocal plot) Km kcat

(Glycoside hydrolase)

pH-profile pKa (apparent pKa)

pH pKa1

pKa2 /

pKa

3-17 pH (EH2 

form ) pH (E2- form )

pH 4.3~6.0 pKa 3.8 6.1

(mono deprotonated form)

 

 
(Glycoside hydrolase) pH-profile

(bell-shaped curve) pKa (apparent pKa)

pKa �-L-

2002 Tarling C. A.
(56) T. maritime �-L-

�-L-

( 3-18)

pH pH 4.5 pH 6.5 pH 5.0 h-Fuc pNPF

EH2 EH - E 2-
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Km= 0.105 mM kcat= 48.6 sec-1 h-Fuc

Km= 0.43 mM 0.26 ± 0.03mM (24) Vmax= 19.6 	mole/mg/min kcat 16.3 sec-1

(97) (kcat/Km) 12  

 

Alhadeff (97)

h-Fuc h-Fuc

( 3-17 ) ( 3-19

) pH (24) pH 7.5

pH 3.5

�-L-

h-Fuc

Alhadeff N-glycanase �-L-
(24)

Alhadeff (17, 19, 97) h-Fuc

h-Fuc

 

 

 

3-16 (A) Michaelis-Menten equation (B) 

pNPF Km kcat ([E] = 0.93 	g/mL, pH 6.0, 37 °C 348nm) 
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1086420
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3-17 h-Fuc

 

3-18 h-Fuc kcat kcat/Km  
 

 

3-19  �-L- pH
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3-10 �-L-

Aspartic 

acid (Asp/D) Glutamic acid (Glu/E) GH-29

T. maritima �-L-

3D

Asp224 Glu266 (56,63) S. solfataricus

�-L-

Asp150 Glu58( / Glu292)(65,66)

2005 Steven Withers T. 

maritime X-ray (63) PDB 1HL8 1HL9 1ODU

�-L-

(Genbank)

GH-29 �-L-

(SDSC 

WORKBENCH) 3-20 GH-29

�-L-

80 %

22~27 %  T. Maritima  S. solfataricus �-L-

( VII) S. solfataricus

T. maritima 20 % 38 %

Tm-Fuc Ss-Fuc

h-Fuc

GH-29

h-Fuc
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3-20 GH-29 T. maritima �-L-

Biology WorkBench 3.2 CLUSTALW (San Diego Supercomputer Center, CA, USA)

GH-29 �-L-

BAD_46679 (Xenopus tropicalis)

AAH_70977 (Xenopus laevis) BAD_51957 (Macaca fascicularis) AAA_52482 (Homo 

sapiens-FUC_1) CAA_63362 (Canine), BAB_22277 (Mus musculus-FUC_2)

CAA_34268 (Rattus norvegicus) AAH_50158 (Danio rerio) CAH_89472 (Pongo 

pygmaeus) CAB_53746 (Homo sapiens-FUC_2) BAB_21949 (Mus 

musculus-FUC_1) BAB_85519 (Halocynthia roretzi) AAH_90371 (Oryza sativa_2)

ABO_83113 (Medicago truncatula) CAD_41070 (Oryza sativa_1) NP_180377 

(Arabidopsis thaliana) CAC_24067 (Sulfolobus solfataricus) CAK_41610 (Aspergillus 

niger) AAD_35394 (Thermotoga maritima) AAO_51149 (Dictyostelium 

discoideum) CAA91546 (Caenarhabditis elegans) AAP_05896 (Schistosoma 

japonicum) AAM_50292 (Drosophila melanogaster)  
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29 T. maritima (Tm-Fuc Q9WYE2 PDB

1ODU) Tm-Fuc 3D N- 7

359 (�/�)8 8 �- (�-sheet)

6 �- (�-helix) Tm-Fuc

C- 4 6 �-

 ~ 4.7Å GH-29 �-L-

h-Fuc Tm-fuc

Swiss-Model server

(http://swissmodel.expasy.org/) Insight II package program �-L-

3D-CPH model ( 1-13 )

34 % identity 38 % homology

100 % h-Fuc Steven Withers

docking

Tm-Fuc (insection loop) h-Fuc Tm-Fuc

3-21

3-21 3D

(A) Tm-Fuc 3D

(B) (A) h-Fuc 3D (

63 )
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h-Fuc random-loop

Tm-Fuc

�-L-

Glyconojirimycine(

) fuconojirimycine

�-L-

fuconojirimycin

fuconojirimycin (98,99)

C1 �-L-

Ki picomolar(~10-12)

�-L-

�-L-

aglycon (binding site)
(100) (E) (S) (ES) k1

Tm-Fuc h-Fuc GH-29

(�/�)8 ( TIM-barrel ) CAZY 

(http://www.cazy.org/) InterPro(http://www.ebi.ac.uk/interpro/)

GH-29 h-Fuc TIM-barrel

�-L- Halocynthia roretzi 

(Q8TA71 Hr-Fuc) Schistosoma japonicum (Q86FH9 Sj-Fuc) Pongo abelii (Q5RFI5

Pa-Fuc) Drosophila melanogaster(Q9VTJ4 Dm-Fuc) Caenorhabditis elegans (P49713

Ce-Fuc) Dictyostelium discoideum (P10901 Dd-Fuc) h-Fuc

70 % Tm-Fuc h-Fuc

PSIPRE (http://zeus.cs.vu.nl/programs/pralinewww/)

3-22 Combinatorial Extension 

(CE) C�-C� 20 Å
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h-Fuc

�-L-

Tm-Fuc Asp224

TIM-barrel �4- GH-29

-WxDx-

h-Fuc �4- Asp225

h-Fuc

D225G kcat 5,800

Asp225 h-Fuc

GH-29 Tm-Fuc Ss-Fuc 3D

Glu266 Glu58 GH-29

(sub-families) h-Fuc >80 %

Tm-Fuc 3-22

Tm-Fuc

Glu266
�6-

h-Fuc random-strand �-

h-Fuc

Glu275 Asp276(

(xxDxx) Asp276

) (-COO-)

98 % kcat h-Fuc

�- TIM-barrel

Asp Glu

h-Fuc Tm-Fuc

�5- �7- Asp258 Glu289

Glu289

450 3-16 3-21  
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3-22 MuSiC-ME
( �-helix

�-sheet
h-Fuc Homo sapiens (P04066) Tm-Fuc T. maritime (Q9WYE2 PDB :1ODU)
Hr-Fuc Halocynthia roretzi (Q8TA71) Sj-Fuc Schistosoma japonicum (Q86FH9)
Pa-Fuc Pongo abelii (Q5RFI5) Dm-Fuc Drosophila melanogaster (Q9VTJ4) Ce-Fuc
Caenorhabditis elegans (P49713) Dd-Fuc Dictyostelium discoideum (P10901)
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�-L-

S. solfataricus �-L-
(66,101) Glu58 Glu292(

Tm-Fuc Glu66 Glu266 h-Fuc Glu79

Glu275) Glu292 Tm-Fuc h-Fuc

Glu58

Tm-Fuc Glu66 Glu266

pNPF kcat/Km 460 65,000

C1

~6.8 Å ~3.7 Å( Glu66 Glu266

) Glu266 Tm-Fuc

Glu66 Ss-Fuc

Tm-Fuc

Ss-Fuc Glu58 Glu292

pH

pH-profile Glu58

pH pH-profile

Tm-Fuc Glu266

Glu292 Glu66

pH

S. 

solfataricus �-L- Glu58

Glu292

GH-29

Ss-Fuc Glu58
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h-Fuc Glu79 Glu79 h-Fuc

 

3-23 T. maritime �-L-

( h-Fuc T. 

maritima )

Tm-Fuc

Asp224 Glu266 C1 -OH

2.74Å 3.72Å 5 Å

-OH His34/C4-O 2.48 Å  
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Glu66/C3-O 2.26 Å  His128/C3-O 2.82 Å  His128/C4-O 2.83 Å  His129/C2-O

2.85 Å  Asp224/C1-O 2.74 Å  Arg254/C1-O 3.52 Å  Glu266/C1-O 3.72 Å

3-23 10 Å

Phe32 (Phe56) His34 (His58) Tyr64 (Gln77) Glu66 (Glu79) Trp67 (Gly80)

His128 (His133) His129 (His134) Tyr171 (Tyr177) Trp222 (Trp223) Asp224 (Asp225) Arg254 

(Arg259) Glu266 (Tyr271) Phe290 (Trp299) h-Fuc

Aspartic acid Glutamic acid

Glu70 (E70) Glu79 (E79) Glu135 (E135) Asp158 (D158) Asp225 (D225) Asp258 (D258)

Glu275 (E275) Asp276 (D276) Glu289 (E289) Glu70 Glu79 Glu135

Asp158 Asp225 Asp258 Glu275 Asp276 Glu289 T. maritima 

�-L-

h-Fuc

h-Fuc
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3-11

(irreversible inhibitors) (reversible inhibitors)

 

3-11-1   

(reversible 

inhibition)

(competitive inhibitor)(102)

(103)

E + S ES E + P

K i

+
I

EI

k 1

k 2

k 3

 

V
V S

K
I

K
Sm

i

=
+�

��
�

��
+

max[ ]
[ ]

[ ]1

[I]

Ki

Vmax Km

1 1
1

V V

K
I

K
V S

m
i= +

+�

��
�

��

max max

[ ]

[ ]
 1/V 1/[S]
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K
I

K
V

m
i

1 +�

��
�

��
[ ]

max

1
V max

1/V

Ki  V(-)

V(+) �

γ

α

= = +

+

=
+�

�
	



�
� +

+
−

+

V
V

V S
K S
V S

K S

K
I

K
S

K S
m

m

m
i

m

( )

( )

max

max

[ ]
[ ]
[ ]
[ ]

[ ]
[ ]

[ ]

1

[I]

( )Km S S
Km

+ −
−

[ ] [ ]γ
1

Ki

L-Fucose

1-O-Methyl-�-L-Fucose 
-Fuconolactone L-Fucose �-L-

�-L-

1-O-Methyl-�-L-Fucose L-Fucose C1

(-OCH3) (-OH)

�-L- 
-glyconolactone

(transition-state analogue) oxocarbonium ion Fucose

1-O-Methyl-�-L-Fucose 
-Fuconolactone Ki

(NaN3) Ki azide rescue

 

 

�-Fucose 1-O-Methyl-�-L-Fucose 
-Fuconolactone

pNPF 50 mM (pH 6.8)
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h-Fuc 
-Fuconolactone

h-Fuc (Km+[S])�-[S]/Km-1 Ki

3-24 ( �-Fucose 1-O-Methyl-�-L-Fucose V S

Ki VIII )

3-7 (NaN3) h-Fuc

�-Fucose 1-O-Methyl-�-L-Fucose


-Fuconolactone Ki 0.368 mM 0.528 mM 0.77 

mM  

 

 
3-24 Fuconolactone Ki

3-7 h-Fuc (Ki)

Inhibition constant (Ki) a Inhibitor 
Wild type 

NaN3 
L-Fucose 
1-O-Methyl-�-L-fucopyranoside 
Fuconolactone 
EPFP 

2.17 M 
  0.368 mM 
  0.528 mM 

 0.77 mM 
      0.032 mM (Ki) 

    0.66 s-1 (ki)b 

a. pNPF 37 °C UV 400 nm 50 mM

(pH 6.8)

b. ( kobs=ki I /(Ki+ I I EPFP )

(ki) (Ki) 
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3-8

oxocarbonium ion h-Fuc

(fucose) ground-state

(glyconolactone) ( oxocarbonium ion)

(  
-fuconolactone )

micromolar~nanomolar(10-6 ~ 10-9)

 

 

O

OHHO

OH

H3C

O

 Fuconolactone 
         

O

OHHO

OH

H3C O

OHHO

OH

H3C

 
 

�-L-

transition–state analogue 
-fuconolactone


-fuconolactone h-Fuc Ki

Ki
(104-106) h-Fuc 1 2


-fuconolactone h-Fuc h-Fuc

Fucose( ) h-Fuc

oxocarbenium ion

secondary deuterium kinetic isotope effect
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3-11-2  

(98-100,106-109 )

�-L-

1985

1,5-dideoxy-1,5-imino-L-fucitol (1-deoxy-L-fuconojirimycin Glyconojirimycine

) Ki nanomolar(~10-9)
(110)

(111)

O-hydroxyl-1-(2,3-epoxypropyl)- �-L-fucopyranoside (EPFP) 

EPFP �-L-

(112,113)

( (nucleophile) (general acid/base) )

- (LC/MS/MS-peptide mapping)

 

EPFP (100 

	l 25 	g/	l) (20 	l 10 mM) LC/MS

3-25 70 % 50892 amu

51096 amu 204 amu EPFP
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3-25 h-Fuc EPFP 4 (

h-Fuc 50892Da h-Fuc-EPFP 51096Da ) 

EPFP (ki)

(Ki) 25 oC �-L- (3.5 

	g/	l) EPFP 3.5 7.0 15 22.5 35 mM

pNPF

ln(v/v0) (single exponentioal decay)

3-26_A 5 (kobs)

5 kobs ( kobs=ki I /(Ki+ I I EPFP ) EPFP

(ki = 0.66 s-1) (Ki = 

0.032 mM) 3-26_B h-Fuc

1,5-dideoxy-1,5-imino-L-fucitol 1-deoxy-L-fuconojirimycin (Ki =1 x 10-8 M)

slow-binding EPFP

�-L-

( (92))

GH-29

�-L-
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(98-100) h-Fuc

3-26 h-Fuc EPFP

(A) h-Fuc (3.5	g/	l) EPFP 3.5 mM (
), 7.0 

mM (�), 15 mM (�), 22.5 mM (�)  35 mM (�) (B) (A)

(kobs) (I) (ki) (Ki)

h-Fuc EPFP

EPFP  h-Fuc

h-Fuc

EPFP

h-Fuc

h-Fuc

�-L-
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3-12 �-L-

Quick Change method (Stratagene Co.)

SDS-PAGE 90 % h-Fuc 50 kDa

D225G/N E289G/Q

pET22b(+)

D225G/N E289G/Q C

6-His Ni2+- (HisTrapTM HP)

6-His h-Fuc D225G/N E289G/Q

Ni2+ imidazole

0-500 mM Ni2+ h-Fuc

SDS-PAGE 90% h-Fuc 51 

kDa 3-5_B Km kcat 

37 0C pH 6.8 50 

mM pNPF 400 nm

3-8 Asp225

Glu289

3-8 h-Fuc pNPF a Michaelis-Menten

Enzyme kcat (s-1) Km (mM) kcat/Km (s-1.M-1) 
Wild-type 

E70G 
E79G 

E135G 
D158G 
D258G 
E275G 
D276G 

17.07 ± 0.03 
16.87 ± 0.02 
16.28 ± 0.02 
15.95 ± 0.03 
16.91 ± 0.01 
13.46 ± 0.02 
16.94 ± 0.01 
16.65 ± 0.02 

0.284 ± 0.002 
0.281 ± 0.001 
0.301 ± 0.001 
0.277 ± 0.003 
0.282 ± 0.001 
0.272 ± 0.003 
0.283 ± 0.002 
0.279 ± 0.001 

60106 
60035 
54086 
57581 
59965 
49485 
59858 
59677 

D225G 
D225N             

0.003 ± 0.0005 
0.003 ± 0.0004 

1.038 ± 0.004 
1.062 ± 0.003 

2.89 
2.82 

E289G 0.048 ± 0.004 0.129 ± 0.002 372 
E289Q 0.039 ± 0.005 0.106 ± 0.004 367 

a 37 °C, 400 nm, 50 mM , pH 6.8  
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3-13 �-L- Km

Asp Asn Km

kcat 10~3,000 kcat

Asp Ala Gly Km

Km (ES complex) ( Km = (E)(S)/�(ES))

( )

(CD)

3-27 CD E70G E79G E135G

D158G D258G E275G D276G Km

3-8

h-Fuc pNPF (kcat/Km)

D225G/N E289G/Q 1/460~1/200,000 Asp225

Glu289

 

3-27 h-Fuc CD  
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3-14 �-L-

GH-29 �-L-

Withers Tm-fuc

 (active-site affinity labeling) 

4-nitrophenyl-2-deoxy-2-fluoro-�-fucopyranoside (2F-pNPF) Conduritol-C-epoxide 

(CCE)

-

–WND224M- D (Aspartate residue) (56,63)

h-Fuc -WSD225G- h-Fuc

Asp225(D225)

Asp225 (nucleophile)

Asp225 Asn225 Gly225

(kcat kcat/Km)

:

 

 
 

h-Fuc

6-His D225G/N

(CD) 3-27 Asp225

D225N/G 37 0C pNPF 400 nm

kcat 5,600 Km

5 3-8 D225N

37 °C pH 50 mM (
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3-9 ) pNPF 348 nm D225N

Km 5 Km k

kcat pH kcat/Km 3-28

h-Fuc pH-profile

(bell-shaped curve)

pKa1 3.0~4.0

pKa2 5.5~7.0 /

Asp225 (

Asp→Gly/Asn) D225N

pH-profile D225N

pH 4.0~6.0 kcat/Km pH 6.0

8.0 kcat 3-28

D225N pH 4.0~6.0

Asp pKa

pH pH-profile

Asp225

  

 

 

3-28 D225N pNPF pH-profile  
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D225N pH-profile

1 M 50 mM

(pH6.8) 37 °C 1 M

FNPF pNPF 3-9

D225N 1 M

1 M

(kcat/Km kcat ) ~ 5 % ( Ki 2.17 

± 0.2 M 3-11 ) Glutamate

Glutamine Aspartic acid

Asp225 Gly

D225G 37 °C 1 M

FNPF pNPF

3-9 D225G

pNPF kcat = 0.003 s-1 kcat/Km = 2.9 s-1.M-1

kcat = 0.0109 s-1 kcat/Km = 17.2 s-1.M-1 kcat/Km (

kcat) 5~6

 

3-9 h-Fuc D225G 1 M pH 6.8

 kcat (s-1) Km(mM) kcat/Km (s-1.M-1) Substrate 
Wild typea 17.64 ± 0.03 0.278 ± 0.002 63225 FNPF 

 16.26 ± 0.03 0.282 ± 0.002 57659 pNPF 
D225Ga 0.0189 ± 0.005 0.592 ± 0.003 31.9 FNPF 

 0.0109 ± 0.006 0.635 ± 0.004 17.2 pNPF 
1 M NaN3

b ND ND  FNPF 
 ND ND  pNPF 

a. FNPF pNPF 37 °C UV 400 nm

1 M 50 mM (pH 6.8)

b. 
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D225N/G

D225G FNPF pNPF

3-29

�-fcosyl_azide Asp225 h-fuc

 

3-29 D225G 

(N3
-

�-fucosyl_azide)

D225G

�-fcosyl_azide D225G 1.5 M

50 mM (pH 6.5) D225G

kcat/Km ~200,000 (pKa)

(pKa)

FNPF D225G 1.5 M

FNPF D225G

5.7
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FNPF

-OH -OAc

�-fcosyl_azide 1H-NMR 3-30

�-fcosyl_azide 1H-NMR 4.58 (d, J = 7.8 Hz, 

1H, H-1) 5.03 (dd, J = 6.0,12.0 Hz, 1H, H-3) 5.14 (dd, J = 4.2, 9.8 Hz, 1H, H-2,) 5.27 (d, 

J = 6.8 Hz, 1H, H-4) 3.91 (q, J = 7.0, 12.0 Hz, 1H, H-5) 2.21 (s, 3H, AcO) 2.14 (s, 3H, 

AcO) 2.05 (s, 3H, AcO) 1.09 (d, J = 7.0Hz, 3H, H-6) D225G/N

pH-profile azide-rescue 1H-NMR Asp225

�-L-

 

 
3-30 �-fucosyl_azide 1H-NMR
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3-15 �-L-

�-L-

Asp225

�-L- (structure-function)

/

GH-29

/

Tm-Fuc Ss-Fuc Glutamate

1. pre-steady-state steady-state

Km Km= (E)(S)/�(ES) �(ES) Km

kcat/Km k2 (fucosylation )

(poor substrate) PF fucosylation step (k2) 

CNPF FNPF fucosylation step

kcat/Km k2

defucosylation (k3)

2. pH-dependence /

( pKa) Gly Ala
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pH pH-profile

3. (azide N3
-) formate acetate bisufite

defucosylation step

�-L-fucosyl_azide �-L-fucosyl_azide
1H-NMR (1)

defucosylation step partial defucosylation step

fucosylation step

k2 k3

Km

Km

pNPF

Km CNPF Km

defucosylation step (k3)

Km (2)

(conformational change)

�-face

�-fucosyl_azide �- Br�nsted plot (log kcat log 

kcat/Km ) (114)

4. 

3-10 Tm-Fuc 3D

h-Fuc h-Fuc
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h-Fuc

Glu79 Asp258 Glu275 Asp276 Glu289 h-Fuc

Glu275 Asp276 random-strand

Tm-Fuc Glu266
�-

E275G

D276G pNPF

E275G D276G kcat/Km

kcat/Km 59.86 59.68 (mM-1.s-1) ~98 %

3-27

h-Fuc Glu275

Asp276 h-Fuc

h-Fuc �-

TIM-barrel Tm-Fuc �4-

h-Fuc Asp255

�5- �7- Asp258 Glu289

Asp258

Glu289 pNPF

(kcat kcat/Km) 3-8 D258G

kcat = 13.46 s-1 10% Km

(kcat/Km= 49.48 s-1.mM-1)

Tm-Fuc �5-

Asp258
�-L-

3-8 Glu289

Km 2~3 kcat

450 Glu289

/
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3-16 Glu289

( 3-22 3-8 ) Glu289 h-Fuc

Glu289 Km kcat

37 °C pH

6.8 50 mM pNPF 348 

nm E289G Km 

3 Km k kcat pH

kcat kcat/Km 3-31

3-31_a h-Fuc pH-profile

(bell-shaped curve) (pKa1 3.0~4.0

pKa2 5.5~7.0 )

3-31_b E289Q pH-depend

pH 5.0-8.0

E289G pNPF kcat bell-shaped 

curve Glu289

Glu289 Gln289 Gln

pKa pH

pH-profile pKa2

E289Q kcat 10

�(ES) Km ( 3-8 )  
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3-31 h-Fuc (�) E289Q (�) E79G (�) pH-profile

(a) pH 2.5-8.0 E79G pH

kcat

(b) (a) pH 3.0-8.0 E289Q pH

kcat

(c) (a) pH 2.5-8.0 E79G pH

kcat/Km
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3-10 �-L-

Tm-Fuc Glu66 Ss-Fuc

Glu292 h-Fuc Glu79 E79G

50 mM (pH 6.8) pNPF

kcat/Km 10 % ( 3-8 ) E79G

pH-profile

bell-shaped curve 3-31 pH 5.0~8.0

kcat bell-shaped curve E289G

pH

acid/base

 kcat pH E79G

pH-profile

 

3-31 D79G pH

pKa1 3.3 pKa2 5.2 pH

6.0~7.0 kcat

Glu79 pH 6.0~7.0

h-Fuc pKa2

Ss-Fuc Glu292 Tm-Fuc Glu66

Ss-Fuc Tm-Fuc

kcat kcat/Km

h-Fuc Glu79

h-Fuc

Glu289 Glu79
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3-17 Glu289  

 

3-16

DTT

2-mercaptoethanol ( )

h-Fuc 3D

E289G

pNPF (>>Km) (50 3000 mM)

50 mM (pH6.8) kcat/Km

3-32 E289G

kcat/Km 24 kcat 

13 0.5 M E289G

E289G/Q

E289G/Q kcat

1~2%  

 

E289G/Q pNPF

pH

kcat kcat/Km 3-10 E289G/Q

pH pNPF

(kcat/Km) 200

h-Fuc Ss-Fu (65,101)

h-Fuc Ss-Fuc 24

80  
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3-32 E289G kcat/Km

 

 

3-10 h-Fuc E289Q

 kcat (s-1) Km(mM) kcat/Km (s-1.M-1) pH Reaction conditiona 
Wild type 17.07 ± 0.03 0.284 ± 0.002 60106 6.8 phosphate 

 48.71 ± 0.03 0.106 ± 0.002 459528 5.0 acetate 
E289Q 0.039 ± 0.005 0.106 ± 0.004 367 6.8 phosphate 

 0.037 ± 0.006 0.106 ± 0.004 356 5.0 acetate 

 1.138 ± 0.002 
0.532 ± 0.005 

0.167 ± 0.003 
0.127 ± 0.002 

6818 
4768 

6.8 
6.8 

phosphate + N3
b 

phosphate/formatec 
E289G 

 
 
 

0.048 ± 0.005 
0.051 ± 0.006 
1.207 ± 0.002 
0.653 ± 0.003 

0.125 ± 0.003 
0.129 ± 0.005 
0.166 ± 0.001 
0.140 ± 0.002 

384 
399 

7266 
4661 

6.8 
5.0 
6.8 
6.8 

phosphate 
acetate 

phosphate+ N3
b 

phosphate/formatec 

a. pNPF 37 °C UV 400 nm 348 nm

50 mM (pH 6.8) (pH 5.0)

b. 0.5 M

c. 0.25 M  
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3-18 E289G

E289G 24

aryl-�-L-

(activation)

3-33 pKa aryl-�-L- kcat

500 mM

kcat

kcat (kcat max)

kcat (half-activation)

(

defucosylation step)

fucosylation step 500 mM

fucosylation step CNPF pKa

E289G ( 500 mM ) kcat

FNPF pNPF pNPF ( CNPF 2 )

Ki 2.17 ± 0.2 M ( 3-11 )

h-Fuc Glutamate Glutamine

Glu289 Gly

�-face

E289G

(CD) 1H-NMR

�-fucosyl_azide E289 h-Fuc

/
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3-33 E289G aryl-�-L-

kcat  
 

h-Fuc /
(88) h-Fuc

Asp225

good (pKa <7) kcat 10 1H-NMR

�-fucosyl_azide /

1/102~1/103  

(defucosylation step) kcat 25~30

h-Fuc (

)

/ /

- �-fucosyl_azide
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(115) h-Fuc Tm-Fuc Ss-Fuc

24~80 1H-NMR �-fucosyl_azide

3-34  

1H-NMR E289G

CNPF (7.5 mM) 27 °C 1.5 M pD 6.8 5 mM

CNPF

1 (C1) H (doublet) (chemical shift)


=5.87 ppm J1;2 = 4.0 Hz

�-form 1


 = 4.48 ppm J1;2 = 3.9 Hz �-form

�-form 1


 = 5.12 ppm J1;2 = 8.1 Hz 4

�-fucosyl_azide


= 4.68 ppm J1;2 = 4.2 Hz 3-34 �-fucosyl_azide

h-Fuc �-L-fucosyl_azide

�-L- (80 % muturotation �-L- )

pNPF E289G

-

- �-L-

h-Fuc

fucosyl_azide CNPF ( pNPF)

E289G

3-35

(binding mode)

�-L-
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3-34 E289G CNPF (7.5 mM) 27 °C

pD 6.8 1H-NMR
 

 

3-35 E289G

(a) N3
-

�-fucosyl_azide

(b) N3
- �-fucose
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3-19 E289G Br�nsted plot  

E289G pNPF kcat 450 Km

3 ~ 4 E289G

CNPF FNPF pNPF MeNPF mNPF pCPF PF

(50 mM pH 6.8 37 °C)

Km kcat 3-11 3-12 E289G

Km kcat

 

3-11 E289G Km kcat
a

Substrate pKa kcat (s-1) Km(mM) kcat/Km (s1.mM-1) log kcat log (kcat/Km) 
CNPF 5.42 0.148 0.052 2.846 -0.829 0.454 
FNPF 6.20 0.112 0.078 1.436 -0.951 0.157 
pNPF 7.18 0.048 0.125 0.384 -1.319 -0.416 

MeNPF 7.42 0.010 0.201 0.049 -2.002 -1.309 
mNPF 8.39 0.003 0.174 0.018 -2.523 -1.745 
pCPF 8.49 0.002 0.326 0.007 -2.698 -2.155 

PF 9.99 0.00013 0.405 0.0003 -3.886 -3.523 
a.  50 mM /100 mM , pH6.8, 37 °C  

 

3-12 E289G 0.5 M a Km kcat

substrate pKa kcat (s-1) Km(mM) kcat/Km (s1.mM-1) log kcat log (kcat/Km) 
CNPF 5.42 3.386 0.221 15.323 0.601 1.185 
FNPF 6.20 2.129 0.202 10.540 0.328 1.023 
pNPF 7.18 1.017 0.157 6.476 0.008 0.811 

MeNPF 7.42 0.119 0.317 0.376 -0.923 -0.424 
mNPF 8.39 0.042 0.216 0.200 -1.376 -0.700 
pCPF 8.49 0.031 0.374 0.083 -1.508 -1.081 

PF 9.99 0.001 0.462 0.002 -2.997 -2.698 
a.  50 mM /100 mM , pH6.8, 37 °C  

  

kcat kcat/Km

(linear free energy relationship) Br�nsted plot

500 mM

Br�nsted plot 3-36 3-37  
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3-36 h-Fuc (�) E289G(�) Br�nsted plot  

3-5 3-11 (A) log kcat pKa (B) log kcat / Km pKa
 

 
3-37 E289G (�) (�) 500 mM Br�nsted plot  

3-11 3-12 (A) log kcat pKa (B) log kcat / Km pKa



 

 131 

E289G Br�nsted plot

Br�nsted relationship (

3-36_A 3-36_B)

log kcat

pKa Br�nsted plot (�1g = 

-0.13) log kcat/Km log kcat/Km pKa �1g

-0.27 kcat/Km 2

(C1) C-O

pKa 7 "good" pKa 7 "poor" log kcat

fucosylation 

(rate-limiting step)

h-Fuc Glu289 Gly289 3-36_A

E289G

log kcat log kcat/Km

pKa

E289G pKa 7 "good" log kcat

pKa Br�nsted plot ( �1g = -0.15)

pKa 7 "poor" log kcat

pKa Br�nsted plot �1g -0.88

E289G

E289G pKa

7 "good"

"good" E289G

log kcat (defucosylation 

step)

E289G �-L- -
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fucosylation step ( 3-20 ) "poor"

"poor"

E289G pH 6.8 log kcat log 

kcat/Km Br�nsted plot �1g -0.88 -0.93 pKa

fucosylation step

 

E289G

MeNPF mNPF kcat ( 3-11 3-12 ) log 

kcat log kcat/Km Br�nsted plot �1g -0.80 -0.87 3-37

E289G

fucosylation step kcat 20~30

general acid ( )

fucosylation step 3-37

E289G log kcat/Km pKa �1g

Km

(defucosylation step k3)

Km kcat/Km ( )

(fucosylation step k2) defucosylation step

fucosylation step

defucosylation step fucosylation step

3-20 E289G  

  

E289 h-Fuc

Glu Gly

defucosylatiom step -

E289G Km

E289 h-Fuc

E289G pNPF -
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E289G ( 36 µg/ml)

20 mM (pH 6.8) 9 mM pNPF 37 0C

8 3-38 8

70 % E289G pNPF 51797 amu

E289G (51650 amu) 147 amu ( )

( Fucose) h-Fuc

defucosylation step

- h-Fuc Glu289

/

 

 

3-38 E289G pNPF 8
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1. signal peptide) �-L- (h-Fuc)

pET22b(+) BL21(DE3)

pH 6.0 95 %

�-L- 50 kDa

�-L-

2. h-Fuc pNPF pH 

3.5 ~ pH 5.5 pH 3.0 ~ pH 6.0

70 °C 25 °C ~ 55 °C

h-Fuc Hg2+ DTT

2-mercaptoethanol h-Fuc Hg2+

Cys

3. pNPF pH 5.0 Km kcat 0.105 

mM 48.6 s-1
�-L- (Km = 0.43 

mM  kcat = 16.3 sec-1) (kcat/Km) 12

4. 

1H-NMR

h-Fuc  

5. h-Fuc pH-profile h-Fuc

pH 4.5 pH 6.5 h-Fuc

pH

Alhadeff �-L-fucosidase
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�-L-

6. h-Fuc Br�nsted relationship

log kcat

pKa Br�nsted plot

(�1g = -0.13) log kcat/Km pKa �1g -0.27

C-O

log kcat

(fucosylation)

7. GH-29 Tm-Fuc

WND224M h-Fuc WSD225G

Asp225 (D225) asparagine (N) glycine (G) CD

D225G/N kcat/Km

3×104 2×105 1 M

D225G D225G 5.7

Asp225 Gly

�-face fucosylation

1H-NMR �-fucosyl_azide Asp225 h-Fuc

8. E289G pNPF

kcat 400 pH 3.0~7.0 E289G

pH pH-profile pKa

-COO- (defucosylation step)

- Km
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bell-shape curve Glu289

9. ( ) E289G

kcat 24 (pNPF ) 1H-NMR

�-fucosyl_azide Glu289 Gly

�-face defucosylation

10. aryl-�-L-

E289G CNPF FNPF pNPF kcat

E289G Br�nsted plot

defucosylation step partial rate limiting Br�nsted constant �lg

-0.15 ~ -0.16 E289G defucosylation step

fucosylation step

11. E289G (pNPF)

(147 amu) h-Fuc

Glu289 defucosylation step

 

 

 

 

 

 



 

 137 

64 DIC-108 �-1,3-
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5-1 �-

(116) (1) intra cellular 

polysaccharides (2) structure 

polysaccharides (3) extra cellular 

polysaccharides (EPS)

(biofilms)

5-1

5-1
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(A) Aureobasidium pullulans �-D- Pullulan(117)

�-1,4 �-1,6

103 3 x 106

Pullulan amylases

pullulanase pullulan (

)

Tremella mesenterica Cyttaria harioti (118)

Pullulan

Pullula

Pullulan

pullulan polyethylene glycol (PEG) 

pullulan

HPLC

pullulan

(B) Xanthomonas campestris  Xanthan
(119) D- D-

Xanthan

Xanthan

Xanthan

Acetobacter 

xylinum Xanthan (acetans)

Xanthan

Xanthan

Xanthan
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(C) Scleroglucan Sclerotium rolfsii Schizophyllum 

commune D- (120)

�-1,3-D-linked �-1,6-D-glucosyl residues

S.commune scleroglucan

1.3 x 105 6 x 106

Sclerotium glucanicum 18,000 

Da

(D) �-D- Agrobacterium

Rhizobium

(curdlan) (1�3)-�- (lichenan) (1�3; 

1�4)-�- �-

�-

(�-glucosidic)

(121)

�- (122)

�- (glycemic response)

(123)
�-

(124)

1986

Matsuzaki �-(1�3)-

�-(1�4)- Sarcoma 180
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( 75 ) ( 32

) 1992  Demleitner �-(1�3)-

�-(1�3;1�4)- Sarcoma 180

�-(1�3 - �-(1�3;1�4)-

�-(1�3)-D-glucan

(125) Lentinan Schizophyllan �-D-glucopyranosyl

�-(1�3,6)- 1/3 ( 5-2)

1985 1986 Falch

1999 scleroglucan

TNF-� (126) 1995 Bohn BeMiller

0.2 0.33 �-1,3/1,6- (127)

 

5-2 �-1,3-
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5-2 �-1,3-

1970 �-1,3-

�-1,3-

(CD11b/CD18)

(Biologic Response Modifier BRM)

(nonspecific)

�-1,3-

(pattern-recognition 

receptors; PRRs) (pathogen-associated molecular pattern; 

PAMP) �-1,3-D-

(�-1,3-D-glucopyranosyl) �-1,3-D- �-1,3

�-1,6 (127-129)
�-1,3-

(primary structure) (solubility) (degree of branching DB)

(molecular weight MW)… �-

�-1,3- �-(1�3)-D-

�-(1�6)-

(in vitro) �-

(130) (131-133)
�-1,3/1,6- lentinan

( Lentinus edodes �-1,3/1,6- )(134) schizophyllan (

Schizophylum commune �-1,3/1,6- )(135)

�-1,3-

(Complement Receptor Type3 CR3

CD11b/CD18 iC3b ) �-
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(lectin) iC3b 5-3_A B Cain Ross

1987 (phagocytic cell) (natural 

killer cell NK cell) (neutrophil) CR3 (�

� ) CD11b (domain) iC3b (receptor)

�M�2-integrin 5-3_A 5-3_B  iC3b (iC3b-Opsonized 

Yeast) CR3 CR3

(Lectin site) I- (I-domain)

�-1,3- iC3b (phagocytosis)

(cytotoxic degranulation) (136-139) dectin-1

�-1,3- Toll-like receptors (TLRs)

�-1,3-

�-1,3-

(127)

(syngeneic) (allogeneic)

C3b �-1,3-

�-1,3-

SCID �-1,3-

IgM IgG C3 CR3 �-1,3-

C3b �-1,3-

C3b

(Immunoblogical Activity of 

Particulate Glucans) ( )
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�-1,3- B

�-

(IL-6 IL-8 IL-12)

( 5-3_C) �-1,3-

T- �-1,3-

T- (140-143)

1. (144)

2. (145)

3. (cytokine) (chemotactic 

activity)(146)

4. (147)

5. 

(148,149)

(150)

6. 

(151)

7. 

(152-154)
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5-3 �-1,3- (�-1,3-glucan) (137,138)
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5-3 �-1,3- (�-1,3-Glucanase)

�-1,3- (�-1,3-glucan) (chitin)

�-1,3-glucanase chitinase

(A) 

(B) �-1,3-

340-4000 �-1,3-

(C) 

(155,156)
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5-4 �-1,3-

IUB E.C.3.2.1.X

(157)

(broad substrate specificity)

 

�-1,3-

(hydrolase)

(EC 3.) O-

(O-glycoside hydrolases EC 3.2.1.-)

(158,159)

� � �- �-

( �-1,3 �-1,4 �-1,3 �-1,4 �-1,6

�-1,3/1,4 �-1,3/1,6 )

(Endo-glucanase)

(Exo-glucanase) 115

�-1,3- (endo-�-1,3-glucanase EC 3.2.1.39

exo-�-1,3-glucanase EC 3.2.1.58)

7 (GH-3 GH-5 GH-16 GH-17 GH-55 GH-64 GH-81)
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laminarin( �-1,3/1,6- 25 1~3

) pachyman( ) �-1,3- �-1,3 (158,160)

(fold)

(161) (sequence comparision)

(162) 2,000

115 (163-165) (family) ( )

http://afmb.cnrs-mrs.fr/~pedro/CAZY/db.html(166) 3,000

(retention configuration)

(inverting configuration) carboxylic acid 

residues (167,168) 1-3 (A) (Retention 

mechanism) (retaining glycoside hydrolases)

(169,170)

(glycosylation) (carboxylic group)

(leaving group)

(glycosyl-enzyme intermediate)

(deglycosylation) ( )

(transglycosylation) 5.5 Å

(B) (Inversion mechanism) (inverting glycoside 

hydrolases) �- �-

( �- �- ) (171,172) (C1)

(protonation)
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(aglycone) (single-displacement inverting 

mechanism)

(

) 6.5 ~ 10.5 Å

5.5 Å(173-175)

115 70

Protein Data Bank PDB)

(diversity) �-helix

�-sheet

(

)

(clan) GH-A GH-B …… GH-N (GH glycohydrolase)

GH-A GH-A �-

GH-A (�/�)8 C-

�-sheet strand �-1,3-

(176-179)

GH-A ( (�/�)8) GH-5 GH-17 GH-B ( �-jelly roll)

GH-16 GH-55 (

�- (cleft/groove) ) �-1,3-

5-4 5-8

GH-55

GH-5 GH-16 GH-17
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5-4 GH-5 16 17 �-1,3- 3D (170,177,178)

 

Gideon Davies Bernard Henrissat 1995 (173)

22

( 5-5)

(active site)

(pocket/crater) (Exo-type) 

( 5-5_A) (cleft/groove)

(Endo-type) ( 5-5_B)

(tunnel) (loop)

( 5-5_C) Gideon Davies Bernard Henrissat 2009

115

�-1,3-

GH-64 �-1,3-

(curdlan)
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5-5 (active site)

(A) (pocket/crater) Aspergillus awamori glucoamylase (GH-15 (B)

(cleft/groove) Thermononospora fusca endo-glucanase E2 (GH-6 (C)

(tunnel) Trichoderma reesei cellobiohydrolase II (GH-6 ) (

) (173)
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5-5 (Curdlan)

Curdlan �-1�3

5-6 Agrobacterium sp Alcaligenes faecalis Rhizobium

(180) 90 %

Alcaligenes faecalis var. myxogenes

FDA (181)

5-6 (Curdlan)

8x104 Da

(dimethylsulphoxide)

55 0C 

80-100 0C 120 0C

(alginate gels)

(gelatine)

(agar) 140 0C �-1,3-

1983 A. Sarko

X- (182) DNA

5.5 Å 15 Å 5-7
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5-7 X �-1,3-

(183)

(Acetyl-curdlan)

(laminaribiose)  

5-6 �-1,3-

�-1,3-

(retaining mechanism) �-1,3-

GH-5 GH-16 GH-17 �-1,3-

(inverting mechanism) GH-55 GH-64 GH-81

�-1,3- ( GH-55 2009
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Phanerochaete chrysosporium (Exo-type) �-1,3-

X-ray �-

�-1,3-

) �-1,3-

5-1

GH-64 �-1,3- �-1,3-

(general acid/base)  

5-1 �-1,3-

Glycoside hydrolase 

family 
Mechanism 

Catalytic 

Nucleophile/Base 

Catalytic Proton 

Donor 

Clan of 

glycosidase 

family 

Protein 

structure 

GH5 Retaining Glu Glu GH-A (�/�)8 

GH16 Retaining Glu Glu GH-B �-jelly roll 

GH17 Retaining Glu Glu GH-A (�/�)8 

GH55 Inverting ? Glu ? 5-8

GH64 Inverting ? ? ? ? 
GH81 Inverting Glu ? ? ? 

5-8 GH- 55 �-1,3- 3D ( )
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�-1,3-

(wild type)

(mutant enzyme) (184-188) (nucleophile)

(general acid/base) (189)

 

(1)

Asp Glu

1,000 pre-steady-state steady-state kcat

Km
(187)

(2) (active site) (75)

(active site affinity labelling and tandem mass spectrometric 

localization)

( )

(group-specific labels) (mechanism-based inhibitors)

(transitional complex analogue)

(glycone moiety)

(aglycone moiety)

(1) 

(2) 
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(inhibitor binding)

(ki (Ki kreact.
(76)

1H-NMR

papain pepsin (enzymatic digestion)

( ) (RP-HPLC)

(peptide mapping)

(ESI-MS/MS)(77,190)

1-9

 

(3) (thermal stability)(78)

(pH dependence) (structure/reactivity studies)

(secondary deuterium kinetic isotope effects)(191)

(a) 

(circular dichroism, CD)

L-

�-helix �-sheet unordered

CD 190~250 nm � ( 1-10 )
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(b) ( log kcat pH ) (Glycoside 

hydrolase) pH-profile (bell-shaped curve)

pKa (apparent pKa) ( )

(pKa)

1Å 

( )

pKa1 pKa2 pKa

(c)

(secondary deuterium 

kinetic isotope effect)

Br�nsted plot (logkcat )

kcat Km 103~104

 

(d) (79) (Hydrosylation step)

(azide) (formate)

kcat 20~200

1H-NMR

GH-64 �-1,3-

(general 

acid/base)
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5-7

(protein engineering applications)

1981 Edge (192) ( 5-9) 20~40

5’

DNA T4

1992

Prodromou (193) ( 5-10)

Recursive PCR 3’ PCR

(assemble PCR) PCR DNA 2000

Eileen Recursive PCR Recursive PCR

PCR

PCR (

5-11)

5-9 Edge
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5-10 Prodromou Recursive PCR

5-11 Eileen Recursive PCR

(1) ( )

(codon)

(2) 

(3) 

( cDNA )
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(194)

12

5-12 24

12 14 ( ) PCR

5’ 3’

�-1,3-

 

5-12

�-1,3- (LPHase)

1. lphaseH12 lphaseT12 PCR

5’ 3’
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2. 1. ( lphaseH11 lphaseT11) PCR

lphaseH11 lphaseT11 1.

5’ 3’

3. 2. ( lphaseH1 lphaseT1) LPHase

5-8 Streptomyces matensis �-1,3-

(LPHase)
 

Streptomyces matensis (Streptomyces spp.)

(aerobic bacterium) (Actinomycetes spp.)

(prokaryotic microorganism) (Gram-positive 

bacterium)

(chitin) (cellulose) lignin

(actinomycin)

(streptomycin) (chloramphenicol) (tetracycline)

100

1000 (195)

DIC-108 (Streptomyces matensis DIC-108) �-1,3-

Laminaripentaose-producing �-1,3-glucanase (LPHase)

64 (196) (family GH-64) (EC 3.2.1.39)
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�-1,3- (Endo-glucanase)

( :curdlan) �-1,3 �-1,3-

laminaripentasaccharide (oligomer)

1H-NMR

( IX) �-1,3-

(inverting �-1,3-glucanase)(158,196) 5-13 Streptomyces 

matensis DIC-108 LPHase (GenBank AB019428) LPHase (GenePept

BAA34349) NCBI (http://www.ncbi.nlm.nih.gov/)

(coding sequence, CDS) 1,206 (base pair) 401

35

(MLRTLRRRVTAVALGLATALGGGWLAAGVPSPAHA) (signal peptide)

40 kDa LPHase (mature protein)

Oerskovia xanthineolytica (GenBank AAA25520) Arthrobacter 

sp.YCWD3 (GenBank AAN04892) �-1,3-

(catalytic domain) 65%

( X)

(198)
�-1,3- �-1,3-

�-1,3- (laminari-oligosaccharides)

�-1,3- LPHase C

(lectin-like domain) 150 I-

(I-type lectin domain) 13 (Carbohydrate binding 

protein-family 13) (197,198)

LPHase X- (X-ray diffraction)

LPHase 3D(three-dimensional)
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5-13 �-1,3-
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5-9

GH-64

�-1,3- S. 

matensis DIC-108 �-1,3- (LPHase)

PCR

(1)

LPHase

(2) �-1,3- (3) LPHase

(general acid/base) (4) LPHase
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6-1

1.

(Tryptone yeast extract) Merck Difco

Merck Aldrich TCI Sigma

Kit (T_A cloning Kit PCR extract Gel extract Plasmid extract Kit T4 ligase Kit) 

GeneMark Viogene NEB  

2.

(EYELA NDO-450ND)

(RISEN refrigerated circulators  

FIRSTEK SCIENTIFIC B602D, S300R, S302R)

UV (Agilent 8453) (KUBOTA 7700)

ESI-Q-TOF (Micromass)

EYELA rotary vaccum evaporator N-N series

Misonix, ultransonic processor

(GeneAmp PCR system 2400, 9700  

PC808 Program temp control system) 

3.FPLC system (Pharmacia Biotech FPLC3467) 

HiTrap Desalting column (Pharmacia, 5 mL) 

HiTrap SP column (Pharmacia) 

HiTrap Q column (Pharmacia) 

CM SepharoseTM Fast Flow column (Pharmacia) 

(ISCO Pharmacia Biotech FRAC-100) 
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4.

3 (curdlan WaKo Japan) 150 ml 20 %

20 100 mM 

(pH 10.5) 150 20

70~75 °C 2

50 mM

(pH 7.5) 2 %(w/v) 4 °C

6-2 �-1,3-

 

6-2-1

 

�-1,3- (start codon ATG)

(stop codon TGA)

5’ Pst I Nde I 3’

EcoR I Hind III

primer 5

PCR

6-2-2 (oligonucleotide template)

5-7 11 13

24
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LPHaseH1 :              NdeI 
-5’GCTGCAGGTCATATGGCGGTCCCTGCCACG 3’- 

LPHaseH2 : 
-5’GTCCCTGCCACGATTCCGCTGACCATCACGAACAACTCGGGT 

CGCGCAGAGCAGATCCATATC 3’- 

LPHaseH3 : 
-5’GCAGATCCATATCTACAACCTGGGGACCGAGCTCTCGTCTGG 

TCGCCAAGGATGGGCTGACGCCAGTGGG 3’- 

LPHaseH4 
-5’GACGCCAGTGGGGCATTCCATCCGTGGCCAGCAGGTGGGAA 

TCCTCCTACTCCAGCTCCA 3’- 

LPHaseH5 
-5’ACTCCAGCTCCAGATGCCTCCATCCCTGGTCCTGCTCCGGGT 

CGCTCCACCACGATCCAA 3’- 

LPHaseH6 
-5’CCACGACCATCCAAATCCCCAAGTTCTCTGGCCGCATCTACT 

TCTCGTACGGGCGCAAGATGGAGTTC 3’- 

LPHaseH7 
-5’CAAGATGGAGTTCCGACTGACTACCGGTGGCCTCGTGCAGC 

CCGCCGTACAGAACCCG 3’- 

LPHaseH8 
-5’GTACAGAACCCGACTGACCCGAACCGCGACATCCTCTTCAA 

CTGGTCCGAGTAC 3’- 

LPHaseH9 
-5’TGGTCCGAGTACACGCTCAACGATTCCGGGCTCTGGATCAA 

CAGTACGCAGGTCGAT 3’- 

LPHaseH10 
-5’ACGCAGGTCGATATGTTCTCAGCTCCCTACACGGTGGGTGT 

GCGCCGCGGTGACGGGACTACACTGAGT 3’- 

LPHaseH11 
-5’GACTACACTGAGTACTGGTAAACTTCGCCCTGGCGGGTACA 

ACGGTGTGTTCAATGCG 3’- 

LPHaseH12 
-5’GTGTTCAATGCGCTCAGAGGACAGTCTGGCGGATGGGCTAA 

CCTCATTCAGACGCGATCC 3’- 

LPHaseT1            EcoRI 
-5’AAGCTTGAATTCAGTCGAACGGGTCGAGCGTCAGAGA 3’- 
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LPHaseT2 
-5’GAGCGTCAGAGAGGCACCGCGAGGGTCACCGTCATGTACCAGAG 

ACTCGTGATGTCCCAC 3’- 

LPHaseT3 
-5’GTGATGTCCCACGTCGTCGAATGCGAAGCCGTACGCCTTACCGTC 

CGCCATGTGTGCATGTATGAT 3’- 

LPHaseT4 
-5’GTGTGCATGTATGATCCGCGCGTAGTGATTCGTGACCGGCTCCTG 

GTAGAATCCCGCTGC 3’- 

LPHaseT5 
-5’GAATCCGGCTGCGCTACGGTCAGGCTGATGTGGGTTGGCGAGCA 

GGGTGGTACGGTT 3’- 

LPHaseT6 
-5’GGTGCTACEGTTGAAGCCCGCACAGACCGTACGAGAGATGGGTC 

CGCGTACCTGGTCATTCGG 3’- 

LPHaseT7 
-5’CTGGTCATTCGGGGCGTCGAGGAGGCGGTGGCACCCAAATACTG 

AGGAGGCATCTGGCTTCTG 3’- 

LPHaseT8 
-5’GGCATCTGGCTTCTGGAATGTAGTGACGACTGCACCGGACCCAT 

CAGTGAACCGCAGGACACC 3’- 

LPHaseT9 
-5’CCGCAGGACACCTCCAGAGACGCGACCAGTGTAGCGCACGTCA 

GGACGATCGGCGAAGGG 3’- 

LPHaseT10 
-5’ATCGGCGAAGGGGGTGACTATGAGATCGGTACCTGTGTACTTGT 

TCCAGACACGGTTGATGTA 3’- 

LPHaseT11 
-5’GACACGGTTGATGTAGTCGTCCATGACTGAGGCCGGGAGGGCA 

CCTGTCTCGACACCATAGAG 3’- 

LPHaseT12 
-5’GACACCATAGAGTGGAGAGAGCGCTCGAAGCACGGTACCAT 

CGGATCGCGTCTGAAT 3’- 

LPHaseH1 LPHaseH12 (sense)

LPHaseT1 LPHaseT12 (anti-sense)
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6-2-3

PCR

6. PCR LPHaseH12 LPHaseT12

250 	l

(4) 10X reaction buffer 5 	l

(5) LPHaseH12 (125 ng/	l) 2 	l

LPHaseT12 (125 ng/	l) 2 	l

(3) 10 mM dNTP mix 1 	l

(4) ddH2O 50 	l

(5) 1 	l vent DNA (2.5 U/	l)

7. PCR

 1        1        95 °C      2 min 

                2       20        95 °C     30 sec 

                               53~63 °C     30 sec 

                                  69 °C     1 min/kb (vent) 

                3        1        69 °C     1 min 

                         1         4 °C     30 min 

3. PCR 2 	l DNA PCR
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 PCR

 
               

70 ng/	l     PCR     3	l 
               10 pmol/	l   primer( )            1	l 
               10 pmol/	l   primer( )            1	l 

               10 mM         dNTP               1	l  
               10x         reaction buffer           5	l  
               2.5 U/	l     vent polymerase          1	l 
                             ddH2O              38	l

PCR DNA

 12 PCR DNA DNA

1,200bp �-1,3-

(LPHase)

6-2-4 �-1,3-

1. �-1,3- Taq

3’ (dATP)

 
                

50 ng/	l 15	l

10 mM        dATP                1	l  

                10 x          reaction buffer         2	l  

                2.5 U/	l       Taq polymerase        1	l 

                             ddH2O               1	l  

* 69 °C 90
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2. 1. PCR DNA

4 °C 16 °C 24

 

               

DNA 13	l 

                       Reaction buffer A         1	l  

                       Reaction buffer B         1	l

T_A        4	l 

                       T4 DNA ligase            1	l  

T_A DNA XI_A

3.  JM-109 6-4

4. DNA

( DNA T_A-lphase)

 

6-3 (competent cell)

2-3

 

6-4 (transformation)

competent cell 10 	l DNA

20 	l 5X KCM 50 	l heat shock 100 	l 
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JM-109 competent cell 20 42 °C 60

20 50 	l LB 37 °C 200 rpm 1 100 	l 50 	l

(LB-Amp) 37 °C 20

LB-Amp LB-Amp 37 °C

150 rpm 16 3~5 ml

(cycle sequencing) 40 	l

6-5 (sequencing)

T_A-lphase (plasmid) JM-109

(Ampicillin 100 	g/ml) (Agar plate) T_A

Ampicillin (single colony) (

DNA ) (Forward) (Reverse)

LPHase

(artific_gene_lphase)
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6-6 �-1,3-

6-6-1 �-1,3- pRSET_A

(ligation)

6. pRSET_A ( XI_B)( ) Nde I EcoR I

DNA DNA 2,900bp

7. LPHase T_A Nde I EcoR I

DNA DNA 1,200bp LPHase

8. 1. 2. 1:5 1 	l T4 DNA 

(ligase) 1 	l (ligase buffer) ddH2O 10 

	l 16 °C 24

9. JM-109 6-4

10. Nde I EcoR I DNA DNA

DNA (

DNA pRSET_A-lphase)
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6-6-2 (site-directed mutagenesis)

    Strategen Quick Change

 

        1                               
                                    ( )  

                                           
         
            
        2                              

 
         

                                             
                                            
                                             
                                            pfu 

  

                                                      
                                             
                                               
  
       3                                Dpn  
                                         DNA 

                                                 
                                                           
 

4                                 DNA 
                                 E coli JM 109, 
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6-6-3

28~35 primer 5

D93G(+)   5’- GGATGGAGGCGCCTGGAGCTGGAGTAGG -3’             

D93G(-)   5’- CCTACTCCAGCTCCAGGCGCCTCCATCC -3’ 

R115Q(+)  5' - CCCAAGTTCTCTGGCCAGATCTACTTCTCGTAC -3' 

R115K(-)  5' - GTACGAGAAGTAGATCTTGCCAGAGAACTTGGG -3' 

D143G(+)   5’- CAGAACCCGACTGGCCCGAACCGCGAC -3’               

D143N(-)   5’- GTCGCGGTTCGGGTTAGTCGGGTTCTG -3’               

E154G(+)   5’- CTTCAACTGGTCCGGCTACACGCTCAACG -3’            

E154Q(-)   5’- CGTTGAGCGTGTACTGGGACCAGTTGAAG -3’          

E154D(+)   5’- CTTCAACTGGTCCGACTACACGCTCAACG -3’            

D159G(+)   5’- GTACACGCTCAACGGCTCCGGGCTCTG -3’             

D159N(-)   5’- CAGAGCCCGCAGTTGTTGAGCGTGTAC -3’            

D170G(+)   5’- CAGTACGCAGGTCGGCATGTTCTCAGCTC -3’             

D170N(-)   5’- GAGCTGAGAACATGTTGACCTGCGTACTG -3’           

D170E(+)   5’- CAGTACGCAGGTCGAGATGTTCTCAGCTC 3’          

D170C(+)   5' - CAGTACGCAGGTCTGCATGTTCTCAGATC -3’ 

D184G(+)   5’- GTGCGGCGCGGCGGCGGCACCACACTGAGC -3’           

D184N(-)   5’- GCTCAGTGTGGTGCCGTTGCCGCGCCGCAC -3’           

D221G(+)   5’- CAGACGCGATCCGGCGGTACCGTGCTTCG -3’            

D221N(-)   5’- CGAAGCACGGTACCGTTGGATCGCGTCTG -3’            

Y232A(+)   5’- CGCTCTCTCCACTCGCTGGTGTCGAGACAGG -3’            
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Y232F(-)   5’- CCTGTCTCGACACCGAAGAGTGGAGAGAGCG -3’ 

Y371A(+)   5’- CGGACGGTAAGGCGTACGGCTTCGCATTCGAC -3’ 

Y371A(-)   5’- GTCGAATGCGAAGCCGTACGCCTTACCGTCCG -3’ 

D376G(+)   5’- CGGCTTCGCATTCGGCGACGTGGGACATCAC -3’           

D376G(-)   5’- GTGATGTCCCACGTCGCCGAATGCGAAGCCG -3’ 

D377G(+)   5’- GTGATGTCCCACGCCGTCGAATGCGAAGCCG -3’          

D377G(-)   5’- CGGCTTCGCATTCGACGGCGTGGGACATCAC -3’
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6-6-4

1. Sample reaction

(7) 10X reaction buffer 5	l 

(8) dsDNA (50 ng/	l) (pRSET A_lphase ) 3.5 	l

(9) (125 ng/	l) 1 	l 

(125 ng/	l) 1 	l 

(10) 10 mM dNTP mix 1 	l 

(11) ddH2O 50 	l

2. 1 	l pfu DNA (2.5 U/	l)

3. PCR

 1        1        95 °C      2 min 

                2       20        95 °C     30 sec 

                                  56 °C     36 sec 

                                  69 °C     2 min/kb (pfu) 

                3        1        69 °C     1 min 

                         1         4 °C     30 min 

4. PCR 5 	l DNA 1 	l Dpn I 37 °C

8~10

5. 
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6-7

25 % -80 °C

6-8 �-1,3-

(overaxpression)

6-8-1 DNA

BL21(DE3)

pRSET_A-lphase D93G R115K/Q D143G/N

E154G/Q/D D159G/N D170G/N/E/C D184G/N D221G/N Y232A Y371A D376G

D377G  

-80 °C

30 42 °C 60-65 1-2

100 	L LB 37 °C 1

LB-Amp 37 °C 12 ( 6-4)

6-8-2

LB-Amp 5 ml

LB-Amp 8 1 ml 50 mL LB-Amp

OD600 0.6 2 mM IPTG

�-1,3-
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6-8-3

1 mL 20 mM 

pH 7.0 (sonication)

300 	L 2 % 37 °C 2

DNS 95 °C 10 540 nm

DNS (3,5-Dinitrosalicylic acid)

DNS ( ) DNS

60% (w/v) (Potassium Sodium Tertrate) 

DNS 0.96 % DNS (3,5-Dinitrosalicylic acid) + 

3.07 % Sodium Hydroxide 

 

 

DNS ( ) 

                                     

 

  base, 95 , 10min 

                       Potassium Sodium Tertrate 
 

                            

3-amino-5-nitrosalicylic acid ( ) 

OK
ONa  4H2O

O

O

COOH

OH

NO2NO2

COOH

OH

NH2NO2
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6-9 �-1,3-

6-9-1

T_A LPHase pRSET_A

(pRSET_A-lphase) BL21(DE3) �-1,3-

BL21(DE3)

�-1,3-

6-9-2

1. -80 °C 5 ml LB-Amp 37 °C 120 

rpm 8 5 ml 1,000 ml LB-Amp (10 % 

(w/v) 1ml) 2 ml 500 mM IPTG  (

1 M) 37 °C 100 rpm 20 24

3 ml 14,000 rpm pH 7.0

0.5 ml (45W 75 % pulse) 14,000 rpm

3 2 % 37 °C 2

DNS 95 °C 10

2. 4 °C 7,000 rpm 10

10 ml (10 mM pH 5.8)

3. 10 mM PMSF 2. (10 	l/ml)

(45W 75 % pulse) 4 °C 17,000 rpm 30
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6-9-3 HiTrap SP 

5. 5 ml (20 mM, pH 5.8)

HiTrap SP

6. 0 1 M 1.5 ml/min 300 ml

7. 2.5 ml

8. 2 % 37 °C 2

DNS 95 °C 10

6-9-4 HiTrap Q 

7. HiTrap SP

10,000

8. 1.5 ml (10 mM pH 6.8) 

HiTrap (Desalting column) 2 ml

HiTrap

9. 5 ml 2. (20 mM

pH 6.8) HiTrap Q

10. 0 1 M 1.2 ml/min 300 ml

11. 2.0 ml

12. 2 % 37 °C 2

DNS 95 °C 10
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6-9-5 CM SepharoseTM

7. HiTrap Q

10,000

8. 1.5 ml (10 mM pH 5.0)

HiTrap 2 ml HiTrap

9. 5 ml 2 (20 mM pH 

5.0) CM SepharoseTM

10. pH 5.0 7.0 1.2 ml/min 300 ml

11. 2.0 ml

12. 2 % 37 °C 2

DNS 95 °C 10

 

6-9-6 SDS-PAGE (homology)

 

Laemmli 1970 SDS-PAGE

2-10

 

 



 

 183 

6-10

6-10-1 (LC/MS)

LPHase ( 2~3 mg/ml)

(1:1) 25 % TFA ( ) 4 °C 30

4 oC 14,500 rpm 5

5 % TFA ( )

500 	l

100 	l H2O:1% HCOOH = 90:10 Q-TOF

6-10-2

Bicinchoninic Acid (BCA) Assay

Bicinic acid : Copper (II) sulfate 50:10

Standard Working Reagent (SWR) (bovine 

serum albumin, BSA) 1:20 SWR 37 °C 30

10 562 nm

6-10-3

LPHase 10 	l 20 	l

SWR BCA 562 nm

280 nm
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6-11 �-1,3-

�-1,3-

curdlan ( ) laminarin ( Laminaria digitate) lichenan 

( barley) xylan ( ) celluolse ( ) starch ( ) chitin 

( ) chitosan ( ) Lentinan ( Lentinus eeodes) Schizophyllan (

Schizophyllum commune) Pachyman ( Poria cocos) Soluble �-glucan (

Saccharomyces cerevisiae) �-1,3-

 

 

4. 50 	l LPHase 300 	l 50 mM

(pH 7.5) 2 % 37 °C 2

350 	l DNS 95 °C 10

5. 1.

37 °C 2 DNS

95 °C 10

6. 2. 1.

6-11-1

100 	l 900 	l 20 mM (pH 7.5)

2 % 37 °C
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6-11-2

1. 20 mM (pH 7.5) 10 mM 1-O-methyl-�-1,3- 

laminarihexaose 1-O-methyl-�-1,3-laminariheptaose

2. 25 	l 175 	l 1.

37 °C

3. 

 

6-12 �-D-1,3- (Laminaripentaose)

5 (curdlan WaKo Japan) 200 ml 20 %

20 100 mM 

(pH 10.5) 200 25

70~75 °C 2

50 mM

Caps (pH 8.5) 3~4 %  

 

LPHase(

10 mg/ml) 3,000 Da 45 °C

12 4 (

) 10

-20 °C 4

LC/MS ( m/z = 

851) �-D-1,3-  
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6-13 �-1,3-

6-13-1  

 

10. (NMR) Bruker DRX-300

D2O D2O 
4.72  CDCl3

CDCl3 
7.24 ppm (coupling constant) 

Hz s (single) d (doublet) t (triplet) q

(quarte) m (multiplet) b (broad peak)  

11.  (TLC) Merck Silica gel 60 F254 (aluminium 

sheet TLC) ICN  SiliTech 32-63 60Å (230~400 

mesh)  

12. TLC Ninhydrin solution 0.3  ninhydrin in 100

 n-butanol add 3  acetic acid Anisaldehyde solution ( 9.2  

Anisaldehyde 3.75  Acetic acid 338  EtOH (95%) 12.5  

H2SO4 )  

13. Sigma-Aldrich Acros (TCI)  

14. Activated CH Sepharose 4B Amersham Bioscience  

15. TEDIA Merck  

16. (developing solvent)  

17. EYELA ROTARY VACUUM EVAPORATOR N-N series 

 

18.  PANCHUM FREEZE DRYER CT-series  



 

 187 

6-13-2 -�-D-1,3-

(p-nitrophenyl-�-D-1,3-pentaglucopyranoside)

O-acetyl-�-D-1,3-pentaglucopyranoside (OAc

Acetylation)

5. �-D-1,3- 3 (15 mL)

15

6. 60 ml (Acetyl anhydrate molar equilvents)

overnight

7. TLC

1,2- (1,2-dichloroethane DCE)

1N HCl

(MgSO4)

8. Hexane/DCE=9/1 Hexane/DCE=3/7

2.7 88 %
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1-bromo-O-acetyl-�-D-1,3-pentaglucopyranoside

1. 0.5 1,2-

2. 3 ml HBr/HOAc (33 % HBr )

HBr 25~30

3. TLC 25 ml 1,2

1N HCl

(MgSO4) 0.47

85 %

(coupling)
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O-acetyl-p-nitrophenyl-�-D-1,3-pentaglucopyranoside

1. 1.2 eq p-nitrophenol 1.1 eq DIPEA (diisopropyl-ethylamine)

4 Å 0.15 (4Å molecular sieve) 15 ml

(acetonitrile)

2. 2 ml (acetonitrile)

1. 3 ml

overnight

3. TLC

1,2- 1N NaOH

1N HCl

(MgSO4)

4. Hexane/DCE=9/1 Hexane/DCE=3/7

0.33 66 %  
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O-hydrohyl-p-nitrophenyl-�-D-1,3-pentaglucopyranoside

 ( Deacetylation ) 

 

 

O-acetyl-4-nitrophenyl-�-D-1,3-pentaglucopyranoside (0.25 g)

Na (30 ml) 30

1-2

O-hydrohyl-4-nitrophenyl-�-D-1,3-pentaglucopyranoside (p-NLPG)

89 %
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6-13-3 O-hydroxyl-1-(2,3-epoxypropyl)-�-1,3-D-pentaglucopyranoside 

(EPLPG)  

 

 

 

 0.5 O-acetyl-�-D-1,3-pentaglucopyranoside 15 ml

 2.5 eq allyl-trimethylsilane 30

 0 °C 0.5 eq BF3.OEt 0 °C 5
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 TLC 0 °C 15

pH 7

 1,2

1N HCl

(MgSO4)

 Hexane/DCE=9/1 Hexane/DCE=3/7

79 %

 6 20 ml 1,2-

49~50 °C 30

 3.5 eq (meta-Chloroperoxybenzoic acid m-CPBA)

TLC ( 5~6 )

20 ml m-CPBA

 1,2- 1N HCl

(MgSO4)

Hexane/DCE=9/1 Hexane/DCE=3/7

83 %

10. 20 ml

30

0 °C 25~30

TLC
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6-13-4 1-O-(2-difluoromethyl-4-nitrophenyl)-�-1,3-D-pentaglucopyranoside 

(2DFMNLPG)  

 

 

1. 0.5 1-bromo-O-acetyl-�-D-1,3-pentaglucopyranoside 1.2 eq

5-Nitrosalicylaldehyde 20 ml
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2. 20 ml 3 eq 0.5 eq Bu4NBr

(Tetra-n-butylammonium Bromide) 30~35

3. TLC 1,2-

0 °C pH 7

1,2- 1N NaOH

1N HCl

(MgSO4)

4. Hexane/DCE=9/1 Hexane/DCE=3/7

0.33 66 %

5. 4 2 eq DAST ((Diethylamino)sulfur Trifluoride) 20 ml

8

6. TLC 1,2-

1N HCl

(MgSO4)

7. Hexane/DCE=9/1 Hexane/DCE=3/7

93%

8. 7. 20 ml

30

9. 4 °C 25~30

TLC
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6-14 �-1,3-

6-14-1

 pH �-1,3-

5. 50 	l LPHase 300 	l (50 mM pH 7.5) 

2 % 16 °C 2 350 

	l DNS 95 °C 10

6. 25 °C , 37 °C , 45 °C , 55 °C , 65 °C , 75 °C , 85 °C , 95 °C 1.

7. LPHase

6-14-2 (Thermostability)

pH �-1,3-

6. 50 	l LPHase 300 	l (50 mM pH 7.5) 

2 % 37 °C 2
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350 	l DNS 95 °C 10

7. 500 	l LPHase 25 °C 15 30 45 60 90 120

150 180 210 240 1.

8. 2. 37 °C 45 °C 55 °C 60 °C 65 °C 75 °C

9. 

6-14-3

pH

Glycine/HCl (50 mM pH 2 2.5 3) Citric (50 mM pH 3.5) NaOAc (50 mM

pH 4 4.5 5 5.5) MES (50 mM pH 5.5 6) Na2HPO4 (50 mM pH 6.5 7

7.5) Hepes (50 mM pH 7.5 8) Tris (50 mM pH 8 8.5) Glycine/NaOH (50 mM

pH 9 9.5 10) Caps (50 mM pH 10 10.5) Na2HPO4/NaOH (50 mM pH 11

11.5) 

4. 300 	l pH 2 % 37 oC

5. 50 	l LPHase 37 °C 2 350 

	l DNS 95 °C 10

6. pH pH
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6-14-4 (pH stability)

pH

Glycine/HCl (50 mM pH 2 3) NaOAc (50 mM pH 4 5) MES (50 mM pH 6)

Na2HPO4 (50 mM pH 7) Tris (50 mM pH 8) Glycine/NaOH (50 mM pH 9)

Caps (50 mM pH 10) Na2HPO4/NaOH (50 mM pH 11) 

7. 50 	l LPHase 300 	l (50 mM pH 7.5) 

2 % 37 °C 2

350 	l DNS 95 °C 10

8. (50 mM pH 7.0) 25 °C

9. LPHase 4 25 °C 1

15 30 45 60 90 120 150 180 210 240

1. (50 mM pH 7.5) 2 %

37 °C 2 DNS 95 °C

10

10. 3. 1. 25 °C

11. 2. 4. pH

12. pH
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6-14-5

 

 Cu2+ Cd2+ Ni2+ Ba2+ Zn2+ Co2+ Mn2+ Ca2+

Mg2+ Fe2+ Hg2+ EDTA DTT 2-mercaptoethanol

 

1. 50 	l LPHase 300 	l 2 %

37 °C 2 350 	l DNS

95 °C 10

2. 1. 2 mM 2 %

37 °C 2 DNS

95 °C 10

3. 2. 1.

2 mM

LPHase
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6-15 �-1,3-

Km

Michaelis-Menten equation (double reciprocal plot)

(19)

E + S ES E + P
Km kcat

 

steady-state

V = Vmax [S] / Km + [S]   Vmax = kcat x [E]t   

[E]t

kcat  

1 / V = Km / Vmax 1 / S + 1 / Vmax 

Vmax 

Km 

 Km / Vmax 1 / Vmax

- 1 / Km Km

LPHase ( 2.7 	M)

LPHase ( 2.5~4.5 	M) 50 mM (pH 7.1)

p-NLPG (0.5~10 mM �: 7280 M-1.cm-1 400 nm)

UV (initial 

velocity V0) kcat Km
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6-15-1 �-1,3-

kcat Km  (pH-profile ) 

 

 

5. pH Glycine/HCl (50 mM pH 2 2.5 3) Citric (50 mM

pH 3.5) NaOAc (50 mM pH 4 4.5 5 5.5) MES (50 mM pH 5.5 6)

Na2HPO4 (50 mM pH 6.5 7 7.5) Hepes (50 mM pH 7.5 8) Tris (50 mM

pH 8 8.5) Glycine/NaOH (50 mM pH 9 9.5 10) Caps (50 mM pH 10

10.5) Na2HPO4/NaOH (50 mM pH 11 11.5) 25 °C  

6. 2.7 	g/	l LPHase p-NLPG

0.5 mM~10 mM 40 °C UV 348 nm

(initial velocity)

7. kcat Km pH

pH

8. LPHase E154Q D170N R115Q

1. 3. kcat Km pH

 

6-15-2  

 

 

4. 50 	l E154G D170G 300 	l

2 % 37 oC 4 DNS

95 °C 10

5. 0.01~ 4 M ( ) 2 %

pH 7.5 50 mM
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6. 50 	l E154G D170G 2.

37 °C 4 DNS

95 °C 10 540 nm

7. E154G D170G 540 nm

E154G D170G

1. kcat 72 1 M

p-NLPG D170G

 

2. 1 M pH Na2HPO4 (50 mM pH 6.5 7 7.5)

Hepes (50 mM pH 7.5 8) Tris (50 mM pH 8 8.5) Glycine (50 mM pH 9

9.5 10) Caps (50 mM pH 10 10.5) Na2HPO4/NaOH (50 mM pH 11 11.5)

25 °C  

3. D170G 15 	l (0.5 	g/	l)

p-NLPG 0.5 mM~10 mM 40 °C UV

348 nm ( kcat )

4. D170G kcat Km pH

pH

6-16  

 

O-hydroxyl-1-(2,3-epoxypropyl)-�-1,3-D-pentaglucopyranoside 

(EPLPG) 1-O-(2-difluoromethyl-4-nitrophenyl)-�-1,3-D-pentaglucopyranoside 
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(2DFMNLPG)

(nucleophile general acid/base) 

 1 ml LPHase 1 ml 10 mM

1 ml 37 °C

 1. 2 %

37 °C

 

 LPHase

1.~4. LC/MS/MS

6-17 �-1,3-

D170G

10. D2O 1 M (20 mM pD 7.5)

11. D170G 1.

12. NMR

13. 0.5 ml NMR

14. 0 ~ 200
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C1

(chemical shift) D170G

6-18 �-1,3-

D170E

7. D2O (20 mM pD 7.5)

8. D170E 1.

9. NMR

10. 0.5 ml NMR

11. 0 ~ 200

(chemical shift)

5.24 4.68 D170E

6-19 �-1,3-

D170C

1. 1.21 Tris ( 100 mM) 100 ml

pH 9.4~9.6 0.19 (Iodoacetic acid) 
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0.185 Dithiodiglycolic acid) ( 10 mM)  

(* )

pH 8.5 7.7  

2. 1. D170C LPHase

( 4.85 mg/ml) 25 °C  

3. 

( 6-10-1)  

4. D170C Cys -SH

-SCH2COO- -S-SCH2COO- (5 mM pH 7.5)

 

5. D170C 2 %

DNS 15 % 2 %

6-20 CD (circular dichroism)

(AL) (AR)

A= AL AR

(CD )

2-21
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6-21 �-1,3-

6-21-1 (wild type)

LPHase

6-21-2 (Selenomethionine)

1. pRSET_A-lphase BL21(DE3) 10 ml

LB ( LB 10 g Tryptone 5 g Yeast Extract 10 g NaCl)

37 °C 12 ~ 14 4 °C

1 M9 ( M9 12.8 g 

Na2HPO4 7H2O 3 g KH2PO4 1 g NH4Cl 0.5 g NaCl) 3 ~ 5 ml

2 ~ 3 LB M9 (200)

2. M9 M9 (2 ml 1M MgSO4

0.1 ml 1M CaCl2 10 ml 20 % glucose 0.5 % (w/v) thiamine 0.1 

ml) 1 ml Ampicillin (100 mg/ml) 100 	g/ml

10 ml M9 M9

37 °C 10 ~ 11 OD600 0.6 ~ 0.8

(feedback inhibition)

3. L-Threonine L-Lysine L-Phenylalanine 100 

mg/L L-Leucine L-Isoleucine L-Valine 50 mg/L

L(+)-Selenomethionine 120 mg/L 37 °C

15 ~ 20 1 M Isopropyl-�-D-thiogalactoside (IPTG) 
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2 ml IPTG 2 mM 37 °C 24

4. 4 °C 6000 r.p.m. 20

-20 °C

5. 6-9

6-21-3

LPHase

(Hanging-Drop Vapor Diffusion Method)

LPHase 20~25 mg/ml

6-21-4

PyMOL (201) (surface 

representation)

 

6-21-5

CAZy  (http://www.cazy.org/) Glycoside Hydrolase 

familyserver LPHase 64 (Glycoside 

Hydrolase Family 64) 64

SDSC Biology WorkBench Version 3.2 

(http://workbench.sdsc.edu/) CLUSTALW (Multiple Sequence 
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Alignment) (conserved 

residues)

LPHase ESPript 2.2 

(http://espript.ibcp.fr/ESPript/ESPript/)(202)

(secondary structure)

6-21-6 (Tertiary structure)

LPHase Dali Server (http://www.ebi.ac.uk/dali/)

(structural homology)

Protein Data Bank (http://www.wwpdb.org/)

LPHase O 

version 9.0.7 LSQMAN (superimpose) C� (203)

LPHase

(novel)
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7-1 �-1,3-

7-1-1 �-1,3-

 Streptomyces matensis DIC-108 

�-1,3- (LPHase) (GenBank AB019428)

(GenePept BAA34349) NCBI (http://www.ncbi.nlm.nih.gov/)

(coding sequence, CDS) 1,206 (base pair) 401

24 

(  6-2-2) LPHase

35

(MLRTLRRRVTAVALGLATALGGGWLAAGVPSPAHA) (signal peptide)

LPHaseH1 LPHaseT1

Nde I EcoR I

60~70

11 13 proof-reading pfu DNA

LPHaseH12

LPHaseT12 PCR LPHaseH11

LPHaseT11 PCR DNA

LPHaseH6 LPHaseT6 PCR
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LPHaseH6 LPHaseT6

LPHaseH1 LPHaseH6 LPHaseT1 LPHaseT6 PCR

( 7-1- lane_BCD)

LPHaseH7 LPHaseT7 LPHaseH6 LPHaseH1 LPHaseT6

LPHaseT1 PCR LPHaseH7

LPHaseT7 LPHaseH6 LPHaseH1 DNA pfu DNA

PCR DNA

5-7 DNA LPHaseH7

LPHaseT7 LPHaseH6 LPHaseH1 DNA PCR

LPHaseT6 LPHaseT1 DNA PCR

LPHase ( 7-1-1 lane_A)

Taq DNA 3’ A yT&A ( )

T4 DNA ligase

LPHase T_A-lphase

 

 

7-1-1 PCR

M DNA 100 bp marker  

A LPHaseH1 LPHaseT1 (~ 1,100 bp)

B LPHaseH7 LPHaseT7 PCR (~ 590 bp)

C LPHaseT6 LPHaseT1 PCR (~ 280 bp)

D LPHaseH6 LPHaseH1 PCR (~ 230 bp)
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7-1-2 �-1,3-

 

T_A-lphase (

XII) �-1,3- S. matensis 

DIC-108

�-1,3-

(silent mutation) ( XIII)

(Crystallography)

T_A-lphase

N ATG( Met) (

7-1-2)

T_A-lphase Nde I EcoR I DNA

1,200bp T4

pRSET_A BL21(DE3)

7-1-3
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7-1-2 LPHase S. matensis DIC-108(NCBI BAA34349)

 

7-1-3 pRSET_A LPHase
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7-1-3 �-1,3-

PCR BL21(DE3) LPHase

pRSET_A lacZ

IPTG

IPTG ( 40 kDa)

7-1-6_A lane_B IPTG lane_A

IPTG 6~8 5 mL LBA OD600 0.5

1L LBA ( 2 mM IPTG) OD600 3 ~ 4

OD600

2 % 2 DNS 95 °C

OD540 7-1-4 24~30

 
 

7-1-4 LPHase BL21(DE3)
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7-1-4 �-1,3-

�-1,3-

LPHase BL21(DE3)

HiTrap SP pH 5.8

HiTrap SP ( 7-1-5_A) pH 5.8 �-1,3-

150~250 mM

�-1,3-

HiTrap Q pH 6.8

150~200 mM ( 7-1-5_B)

�-1,3- CM

pH 5.0 pH 7.0

pH 5.2 pH 5.7 ( 7-1-5_C) �-1,3-

SDS-PAGE ( 7-1-6_B)

95 % LPHase

7-1-1

7-1-1 LPHase

Step 
Total 

Protein 
(mg) 

Total 
Activity 
(units) 

Specific 
Activity 

(units/mg) 

Purity 
Fold 

Yield 
(%) 

Crude enzyme solution 
HiTrap SP ( pH 5.8 ) 
HiTrap Q ( pH 6.8 ) 
CM column( pH 5.0~7.0 ) 

195 
60.8 
13.6 
2.5 

786 
606 
423 
266 

4.1 
9.9 
31.1 

106.4 

1 
2.4 
7.6 

25.9 

100 
77 
54 
34 
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(A) 

200150100500

0.4

0.3

0.2

0.1

0

100

80

60

40

20

0

Time [min]

A
U

28
0,

 O
D

Sa
lt 

%

 
(B) 

 
(C) 

 

7-1-5 LPHase

(A) HiTrap SP (B) HiTrap Q

(C) CM SepharoseTM
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(A) (B) 
 

7-1-6 LPHase SDS-PAGE

(A) lane M protein marker 14.4-116 kDa

lane A LPHase ( IPTG )

lane B LPHase ( IPTG )

(B) lane M protein marker 14.4-116 kDa  

lane 1 LPHase  

lane 2 LPHase

lane 3 E154G LPHase 

lane 4 D170G LPHase

lane 5 D377G LPHase 
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7-1-5 �-1,3-
 

7-1-5-1
        

LPHase SDS-PAGE

40 kDa Q-TOF LC/MS

39424 Da ( 7-1-7) Vector NTI ( 7-1-2)

39555.1 Da 131.1 Da LPHase

-Met

7-1-7 LPHase

Analysis Entire Protein 

Length 367 aa 

Molecular Weight 39555.08 m.w. 

1 microgram = 25.285 pMoles 

Molar Extinction coefficient 51020 

1 A[280] corr. To 0.78 mg/ml 

A[280] of 1 mg/ml 1.29 AU 

Isoelectric Point 6.87 

Charge at pH 7 -0.36 

7-1-2 Vector NTI LPHase
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7-1-5-2

Bradford Assay Lowry Assay

UV BCA Assay

Bicinchoninic Acid  (BCA)  Assay

BCA OD562 (Y = aX + b) (

IV ) LPHase

OD562 UV 280 nm 1 OD280 	g / 

	L OD280

3-4-2

BSA ( ) 1 	g / 	L

LPHase (10 	L) BCA OD562 0.93

2.22 	g / 	L OD280 1.53 OD 1 OD280 = 1.45 	g / 	L

 

 

7-1-6 �-1,3-

 

        

pH-profile

pH

pH
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7-1-6-1 LPHase  

 

        LPHase LPHase

2 % 37 °C

2 Glycine/HCl (50 mM pH 2

2.5 3) Citric (50 mM pH 3.5) NaOAc (50 mM pH 4 4.5 5 5.5) MES (50 mM

pH 5.5 6) Na2HPO4 (50 mM pH 6.5 7 7.5) Hepes (50 mM pH 7.5 8) Tris (50 

mM pH 8 8.5) Glycine/NaOH (50 mM pH 9 9.5 10) Caps (50 mM pH 10

10.5) Na2HPO4/NaOH (50 mM pH 11 11.5) pH

7-1-8 LPHase pH 

7.5~8.5 pH 8.5

80 % pH pH 7.0

LC/MS pH

�-1,3-

 

7-1-8 LPHase  
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7-1-6-2 LPHase
 

        7-1-9 LPHase 25 °C

pH (50 mM pH 7.5)

2 % 37 °C 2

(residual activity ratio) 25 °C pH 

7.0 7-1-9 25 °C 4

pH 5.0 pH 9.0 90 % pH 4.0 pH 9.0

pH 10.0 65 %~75 % pH 3.0

�-1,3-

pH pH

pH �-1,3-

 

 

7-1-9 25 °C LPHase
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7-1-6-3 �-1,3-  

   

       

LPHase 4 °C 16 °C 25 °C 37 °C 45 °C

55 °C 65 °C 75 °C 85 °C 95 °C 50 mM (pH 7.5)

2 % 2

7-1-10_A LPHase

55 °C

55 °C

LPHase

1

 

 

7-1-6-4 �-1,3-

 

        7-1-10_B LPHase 25 °C ~ 75 °C

2 %

37 °C 50 mM (pH 7.5) 4 °C

LPHase 2

LPHase

LPHase

4 25 °C ~ 60 °C

LPHase 65 °C

65 °C
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(A) 

(B) 

7-1-10 LPHase

(A) 

(B) 
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7-1-6-5 LPHase

(active site)

metalloenzyme

metalloenzyme

37 °C

LPHase 2 % 2 mM

7-1-3

LPHase

Hg2+ 90 % Hg2+ DTT

2-mercaptoethanol LPHase

Cys

7-1-3 LPHase

None 

Cu2+ 

Cd2+ 

Ni2+ 

Ba2+ 

Zn2+ 

Hg2+ 

Co2+ 

100 % 

94 % 

97 % 

92 % 

102 % 

90 % 

8 % 

98 % 

Mn2+ 

Ca2+ 

Mg2+ 

Fe2+ 

EDTA 

DTT 

2-mercaptoethanol 

89 % 

99 % 

101 % 

93 % 

91 % 

5 % 

1 % 

LPHase 2 mM 2 DNS

OD540
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7-1-6-6 �-1,3-

(substrate specificity)

�-1,3-

LPHase

curdlan ( �-1,3- ) laminarin (

Laminaria digitate �-1,3/1,6- 25 �-1,3- 1~3

�-1,6- ) lichenan ( barley �-1,3/1,4- 3 4

1 �-1,3- ) xylan ( �-1,4- ) celluolse 

( �-1,4- ) starch ( �-1,4- ) chitin (�-1,4- )

chitosan (�-1,4- ) Lentinan ( Lentinus eeodes �-1,3/1,6- 5

�-1,3- 2 �-1,6- ) Schizophyllan (

Schizophyllum commune �-1,3/1,6- 3 �-1,3- 1

�-1,6- ) Pachyman ( Poria cocos �-1,3/1,6- �-1,3-

�-1,6- ) Soluble �-glucan ( Saccharomyces 

cerevisiae �-1,3/1,6- �-1,3- �-1,6-

) 37 °C pH 7.5 DNS

7-1-4 LPHase

�-1,3-

�-1,6- �-1,3- LPHase

�-1,3- laminarin

~60 %

(LC/ESI-MS) m/z = 851.2 �-1,3- 7-1-11

�-1,6 �-1,3-

�-1,3- �-1,3/1,6-  
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7-1-4 LPHase a  
 (%)   (%) 

Curdlan 
Laminarin 
Lichenan 

Xylan 
Cellulose 

Starch 

Glc(�-1,3) 
Glc(�-1,3/1,6) 
Glc(�-1,4/1,3) 

Xyl(�-1,4) 
Glc(�-1,4) 
Glc(�-1,4) 

100 
~ 60 
~ 0 
~ 0 
~ 0 
~ 0 

Chitin 
Chitosan 
Lentinan 

Schizophyllan 
Pachyman 

Soluble �-glucan 

GlcNAc(�-1,4) 
2-NH2Glc(�-1,4) 

Glc(�-1,3/1,6) 
Glc(�-1,3/1,6) 
Glc(�-1,3/1,6) 
Glc(�-1,3/1,6) 

~ 0 
~ 0 

~ 10 
~ 3 
~ 5 
~ 9 

a. 50 mM (pH 7.5) 2 % (MW ~ 1.6 x 104 - 2.0 x 106)

37 °C 2 DNS OD540

 

 

 

 

 

 

7-1-11 LC/ESI-MS LPHase
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7-1-7 �-1,3-

�-1,3-

(endo-type) (exo-type)

(exo-type)

GH-64 S. matensis DIC-108

�-1,3 �-1,3- �-1,3-

GH-64 Oerskovia xanthineolytica Arthrobacter 

sp.YCWD3 �-1,3-

(endo-type) (EC 3.2.1.39)

�-1,3-

(~ 70%)

LPHase 20 mM (pH 7.5)

7-1-12_A LPHase

�-1,3- (�-1,3-laminaripentaose [M-Na+]+ m/z = 851.2)

LPHase

(exo-type)

�-1,3-

HPLC

( ) �-1,3-

7-1-12_B

LPHase

�-1,3-

�-1,3-
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LPHase

�-1,3-

LPHase

(substrate binding characters)

(A)                                        (B) 

  

7-1-12 LC/MS HPLC LPHase

(A) LC/MS

�-1,3-laminari-pentaose/tetraose/triose/biose([M-Na+]+ m/z = 851.2/689.3/527.1/365.1) (B) 

HPLC

LPHase time-course

LPHase

�-1,3- (�-1,3-laminarihexaose) �-1,3-

(�-1,3-laminariheptaose) 0.1 eq 2 N

1-O-methyl-�-1,3-laminarihexaose([M-Na+]+ m/z = 1027.2)
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1-O-methyl-�-1,3-laminariheptaose([M-Na+]+ m/z = 1189.1) (20 

mM pH 7.5) 10 mM

LPHase 37 °C

7-1-13 LPHase

�-1,3- (1-O-methyl-�-1,3-laminaripentaose [M-Na+]+ m/z = 865.3)

LPHase

7-1-14 )

LPHase

�-1,3-

�-1,3-

�-1,3-

LPHase

GH-64 LPHase

�-1,3- UV

�-1,3- LPHase

p-NLPG

LPHase UV

LPHase (kcat kcat/Km) LPHase
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(A)                                  (B) 

  

7-1-13 1-O-methyl-�-1,3-laminarihexaose( -laminariheptaose)

LPHase LC/MS  

(A) 1-O-methyl-�-1,3-laminarihexaose (B) 1-O-methyl-�-1,3-laminariheptaose

�-1,3 LPHase

  

 

7-1-14 1-O-methyl-�-1,3-laminariheptaose  

7-1-13
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7-1-8 �-1,3 (Laminaripentaose) 

GH-64 LPHase EC 3.2.1.39

�-1,3- �-1,3-

�-1,3-

LPHase

�-1,3-

LPHase < 3,000

�-1,3-

�-1,3-

6-12 3 2.3 �-1,3-

70~80 %

 

7-1-9 -�-D-1,3-

UV

(substrate) �-D-1,3-

7-1-15
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7-1-15 �-1,3-

-OH (coupling)

�-1,3- -OH

88 % (C1)

pKa

(coupling) pKa pKa 8

KOH phenolate pKa 8 ( : 

4-nitrophenol) DIPAE phenol C1-Br

phenolate �/�

dynamic control kinctic control

�-form

�-1,3- C1 C2-trans 0 °C

25 °C 75 % �-form

MeOH/NaOMe

p-NLPG

 

p-nitrophenyl-�-1,3-Laminaripentaose 1H-NMR

XIV  

p-nitrophenyl-�-1,3-Laminaripentaose (p-NLPG )  8.19 (d, J =9.2 Hz 1H, 

ArH), 7.17 (d, J =9.3 Hz 1H, ArH), 5.81(d, J =7.5Hz, 1H, H-1), 3.77-3.79 (H-3), 3.74 

(H-6), 3.56-3.57 (H-2), 3.52-3.53 (H-4), 3.51 (H-5) (D2O, 300 MHz)  

C36H55NO28 ESI+ [M-Na+]+: 972.18  



 

 231 

7-1-10 LPHase

�-1,3-

GH-55 GH-64 GH-81

64 (Glycoside Hydrolase Family 64 / family GH-64) LPHase (endo-type)

�-1,3 �- �-1,3-

LPHase ( )

- LPHase SN2

(essential amino acid)

(C1)

(protonation) (aglycone)

LPHase

GH-64

Aspartic acid (Asp/D) Glutamic acid (Glu/E) (genbank)

GH-64 �-1,3-

SDSC WORKBENCH

7-1-16

7-1-17 GH-64 �-1,3-

LPHase Streptomyces
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GH-64 LPHase Asp143 

(D143) Glu154 (E154) Asp170 (D170) Asp376 (D376) Asp377 (D377) 5

Aspartic acid Glutamic acid

Asp93 (D93) Asp143 (D143) Glu154 (E154) Asp159 (D159) Asp170 (D170) Asp184 

(D184) Asp221 (D221) Asp376 (D376) Asp377 (D377)

p-NLPG

LPHase

1,000 ( )

1. pre-steady-state steady-state Km

Km= (E)(S)/�(ES) �(ES) Km

Gly Ala

kcat ( )

kcat/Km

2. pH-dependence (

pKa) Gly Ala

pH pH-profile

3. (N3
-) (-COO-)

azide-sugar 1H-NMR
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7-1-16 GH-64 �-1,3-

Biology WorkBench 3.2 CLUSTALW (San Diego Supercomputer Center, CA, USA)

GH-64 �-1,3-

EAA_48717 (Magnaporthe grisea70-15) CAD_21311 and EAA_27909  

(Neurospora crassa OR74A)  BAA_04892 (Arthrobacter sp. YCWD3 ) AAA_25502 

(Cellulosimicrobium cellulans) ABR_34974 (Clostridium beijerinckii NCIMB 8052) ABW_16320 

(Frankia sp. EAN1pec) CAJ_60367 (Frankia alni ACN14a) AAT_77161 (Lysobacter 

enzymogenes C3) AAN_77504 (Lysobacter enzymogenes N4-7) ABL_63814 (Lysobacter 

enzymogenes OH11) ABS_68192 (Xanthobacter autotrophicus Py2) BAC_68763 and 

BAC_68677 (Streptomyces avermitilis MA-4680) CAB_69688, CAC_16456 and CAC_16439 

(Streptomyces coelicolor A3) CAJ_88474 (Streptomyces ambofaciens ATCC 23877) CAM_01376 

(Saccharopolyspora erythraea NRRL 2338) ABJ_87314 (Solibacter usitatus Ellin6076)

ABW_00637 (Salinispora arenicola CNS-205) ABM_15513 (Mycobacterium vanbaalenii 

PYR-1) BAA_34349 (streptomyces matensis DIC-108)  
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7-1-17 GH-64 (Bacteria) (Eukaryota) �-1,3-

BAA34349.1 Streptomyces matensis Laminaripentaose-producing �-1,3-glucanase (LPHase) D143 E154

D170 D376 D377 ( LPHase ) ABJ87314.1 D170 V166 D170 GenPept

XVII ( ClustalW http://www.ebi.ac.uk/clustalw/ )
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7-1-11 �-1,3-

Quick Change method (Stratagene Co.)

pH SDS-PAGE

95 % 40 kDa ( 7-1-6_B)

LPHase

37 °C 50 mM (pH 7.5) DNS

OD540

7-1-5

7-1-5 LPHase

LPHase  %  LPHase  %  

Wild type  
D93G 

D143G 
D143N 
E154G 
E154Q 
E154D 
D159G 
D159N 

100 
90 
93 
95 
~0 
~0 
19 
93 
94 

D170G 
D170N 
D170E 
D184G 
D184N 
D221G 
D221N 
D376G 
D377G 

~0 
~0 
81 
92 
89 
96 
94 
91 
85 

( ~2.13 mg/ml) 2 % 37 °C 50 mM

(pH 7.5) 2 DNS OD540  

7-1-5

Glu154 Asp170

~0 % Glu93 Glu143 Glu159 Glu184 Glu221 Glu376 Glu377
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80 %

( Asp Gly)

(CD) 7-1-18

80 %

7-1-18 LPHase

LPHase E154Q D170N

2 % 37 °C 50 mM (pH 7.5) time course

�-1,3- 7-1-19

Glu154 Asp170
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15 E154Q

D170N

336 1014 ( = 7.098 [P(mM)/Et(mM).min] E154Q= 

0.021[P(mM)/Et(mM).min] D170N= 0.007[P(mM)/Et(mM).min])

LPHase Glu154 Asp170

Glu154 Asp170 LPHase

Glu154 Asp170

(A)                                  (B) 

7-1-19 LPHase E154Q D170N

 

(A) (1~20 mM) /DNS OD540 �-1,3-

(B) E154Q D170N

(

[P(mM)/Et(mM)] (A) (Et mM)

OD540 (P mM)
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7-1-12 �-1,3-

Km Km (enzyme-substrate complex ES complex) 

(apparent dissociation constant) Km

kcat turnover number

ES complex

GH-64 �-1,3-

1H-NMR

(SN2-like)

 
kcat

pNLPG p-nitrophenyl-�-1,3-Laminaripentaose NP nitrophenol LPG

�-1,3-Laminaripentaose 

 

kcat (s-1) LPHase (glycosylation)

kcat/Km (s-1.M-1)

Km

Michaelis-Menten equation Lineweaver-Burk method

(double reciprocal plot) LPHase

UV

p-nitrophenyl-�-1,3-pentaglucopyranoside (p-NLPG) LPHase

LPHase Km kcat

Km kcat 6-15
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95 %

LPHase p-NLPG

40 °C 50 mM (pH 7.1) UV 400 nm

XV

Gly

kcat kcat/Km 7-1-6  

7-1-6 LPHase p-NLPG

Michaelis-Menten

Enzyme kcat (s
-1) a   Km (mM)  kcat/Km (s-1.M-1) 

Wild-type 
D93G 
R115Q 
D143G 
D159G 
D184G 
D221G 
D376G 
D377G 

8.1 ± 0.1 
7.7 ± 0.1 
6.8 ± 0.3 
7.8 ± 0.2 
8.0 ± 0.1 
7.9 ± 0.1 
7.8 ± 0.2 
7.7 ± 0.1 
7.2 ± 0.2 

1.60 ± 0.02 
1.61 ± 0.01 
1.68 ± 0.01 
1.59 ± 0.03 
1.60 ± 0.01 
1.57 ± 0.01 
1.57 ± 0.02 
1.58 ± 0.01 
1.69 ± 0.01 

5063 
4813 
4023 
4906 
5000 
5031 
4968 
4873 
4260 

E154G 
E154Q 

0.0083 ± 0.0004  
0.009 ± 0.0001 

2.35 ± 0.03 
2.33 ± 0.01 

3.53 
3.86 

D170N 
D170G 

Sodium azidec 
Sodium formated 

0.0014 ± 0.0005 
NDb 

0.19 ± 0.02 
0.057 ± 0.003 

3.06 ± 0.02 
ND 

1.96 ± 0.02 
2.04 ± 0.03 

0.46 
 

96 
28 

a. 50 mM pH 7.1  40 °C 400 nm b. ND

c. D170G

2.5M 50 mM pH 6.8 40 °C 400 nm d. c.

0.5 M 50 mM pH 5.5 40 °C 400 nm

LPHase

p-NLPG

7-1-11 Glu154 Asp170
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kcat/Km 1/1700 1/2000

(kcat kcat/Km)

Gly (

)  

 

 

7-1-13 LPHase

LPHase p-NLPG (

0.05 mM~5 mM)

Glycine/HCl (50 mM pH 3) Citric (50 mM pH 3.5) NaOAc (50 mM pH 4 4.5 5

5.5) MES (50 mM pH 5.5 6) Na2HPO4 (50 mM pH 6.5 7 7.5) Hepes (50 mM

pH 7.5 8) Tris (50 mM pH 8 8.5) Glycine/NaOH (50 mM pH 9 9.5 10) Caps 

(50 mM pH 10 10.5) Na2HPO4/NaOH (50 mM pH 11 11.5) 40 °C

UV 348 nm

Km kcat

(Glycoside hydrolase) pH-profile

(bell-shaped curve) pKa (apparent pKa)

pH pKa

( B- AH )

7-1-20 pH (EH2 form

) pH (E2- form ) pH 7.5 ~ 8.5

LPHase pH
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pKa 6.0 (B-) 10.1 (AH) (mono 

deprotonated form)

(bell-shaped 

curve) pH-profile pKa ( pKa) 

2~3 7-1-20 LPHase pKa

( pKa = 4.1)

pKa

Arg Lys Tyr LPHase p-NLPG

pH-profile 7-2-5

 

 
(A)    (B) 

 

7-1-20 p-NLPG pH-profile

(A) 50 mM pH (pH 3.0~12.0) LPHase (�)

E154Q (�) D170N (�) p-NLPG 40 0C pH

kcat (B) LPHase (�) E154Q �) p-NLPG

pH kcat/Km

EH2 EH - E 2-
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7-1-20 pH kcat kcat/Km LPHase

pH-profile (bell-shaped curve)

pKa1 (6.0)

( ) pKa2 (10.1)

/

pH /

(-COO-)

pH-profile  

 

Glu154 Asp170 LPHase /

E154G/Q D170G/N

LPHase 40 °C 50 mM

pH p-NLPG 348 nm

E154Q Km 5 Km

k kcat pH kcat/Km

7-1-20 7-1-20_A E154Q

E154Q

pH 6.0~12.0 kcat

(kcat/Km) ( 7-1-20_B

) E154Q pH-profile (curve)

pH

GH-43 �-D-Xylosidase(214) LPHase Glu154

( Glu→Gly/Gln)
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D170G/N

kcat 1,100

7-1-6 kcat pH-profile

7-1-20_A pH

( Asp→Gly/Asn)

Asp170 Asn170 Asn

pKa pH pH-profile

pKa (curve) Asp170

 

 

 

7-1-14  

(reversible 

inhibitors) (irreversible inhibitors)

�-

(4-phenylimidazole)


-gluconolactone (1) 
-gluconolactam (2)

oxocarbonium

Nojirimycin(204,205) Glycals(206) Aldonolactones(207)

1-Deoxynojirimycin (3)
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�-

(bromo-inositol) (epoxide 

derivatives) (4) (isothiocyanate derivatives) (5)(208) N-

(N-bromoacetyl glycosylamine derivatives) (6)(209) (Triazene 

derivatives) (7)(210,211) ( ) �-

(asparate acid)

Edman degradation

LPHase

( )

LPHase

O-hydroxyl-1-(2,3-epoxypropyl)-�-1,3-D-pentaglucopyranoside 
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(EPLPG)(212) 1-O-(2-difluoromethyl-4-nitrophenyl)-�-1,3-D-pentaglucopyranoside 

(2DFMNLPG) (213) ( 6-13-3 6-13-4)

LPHase

(nucleopholie general acid/base)

-  

LPHase 10 mM EPLPG 

2DFMNLPG 37 °C 2 

% 2 DNS 95 °C

OD540 7-1-21 -

EPLPG 2DFMNLPG LPHase

LPHase SN2-like

 

7-1-21 LPHase
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7-1-15 LPHase

 

/

DTT 2-mercaptoethanol

( )

(lone pair)

(deglycosylation step) (

deglycosylation step) kcat 20-200

(kcat kcat/Km) �-1,3-

Glu154 Asp170

Aspartic 

acid (Asp/D) (side chain) pKa 3.8 Glutamic acid (Glu/E)

pKa 4.3 Asp Glu (deprotonated)

Asp Glu

Glu154 Asp170

E154G

(189,190) E154G

D170G (
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)

7-1-22

E154G 50 mM

(pH 7.5) 2 % (

) ( ) E154G

DNS OD540

0.1 D170G

2 % (0.05 ~ 4 M)

OD540

1 M

LPHase 7-1-22

 

7-1-22 LPHase E154G D170G

E154G (�) D170G (�) 2 %

OD540 E154G (�) D170G (�)
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D170G p-NLPG

(0.5 M) D170G kcat/Km 72

26 7-1-6

-

D170G

(laminaripentaose [M-Na+]+ m/z

851.1) (laminaripentaose_azide [M-Na+]+ m/z

876.2) E154G

7-1-23 LPHase Asp170(D170)

Glu154(E154) ( )

D170G

E154G

(protonation) (aglycone)  

 

7-1-23 D170G

E154G D170G

40 °C 1 M 50 mM
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p-NLPG UV

348 nm E154G D170G

kcat/Km 7-1-24 1 M

E154G p-NLPG (activation)

D170G pH 7.0~11.5

(activation) D170G

pH pH-profile

(curve) (pKa ) 4.72 3.76

pH 5.0 D170G

D170G

pKa2 10.1 8.2

pKa1

CD D170G

Asp Gly

D170G

LPHase Asp170  

 

 

7-1-24 p-NLPG pH-profile

pH (pH 3.0~12.0) (�) 1 M E154G(�)

D170G (�) p-NLPG 40 °C pH kcat/Km
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( )

�-pentaglucosyl_azide

�-pentaglucose 7-1-25

 

7-1-25 D170G azide

(A) N3
-

�-pentaglucosyl_azide

(B) N3
- �-pentaglucose
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(N3
-)

D170G

D170 7-1-23

D170G 2.5 M �-pentaglucose

�-pentaglucosyl_azide (�-pentaglucose

�-pentaglucosyl_azide ) 1H-NMR D170G

1.5 M

7-1-26 (chemical shift) 
= 4.67 ppm (�-form

1 ) 
= 5.24 ppm (�-form 1 )

D2O D170G 20 
 

= 5.24 ppm �-form 1

85 
 = 5.24 ppm J1;2 = 3.6 Hz �-form 1


 = 4.67 ppm J1;2 = 8.1 Hz

�-form 1 �-form

mutarotation �-form � � = 92:8

140 
 = 5.24 ppm �-form mutarotation �-form (
 = 4.67 

ppm) 
 = 5.52 ppm J1;2 = 4.3 

Hz �-pentaglucosyl_azide 1

1H-NMR �-form

LPHase Asp170

( )
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7-1-26 D170G

1H-NMR

 

 

7-1-16 E154D D170E

LPHase Glu154

Asp170 pH-profile

Glu154 Asp170 LPHase

(Glu154) (Asp170)

(-COO-)

10 ± 0.5 Å �-

4.8 ± 0.5 Å �-

5.3 ± 0.2 Å

E154D D170E LPHase
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(side chain) Aspartic acid (D)  Glutamic acid (E)

( methylene group) E154D

D170E

LPHase

LPHase p-NLPG 7-1-5

7-1-7 E154D

p-NLPG kcat=0.34 s-1 Km=1.82 mM 19 %

D170E kcat = 5.3 s-1 Km = 1.72 mM 81 %

Gly/Asn Gln

E154D

E154D Asp

Glu E154D

Glu154

7-1-7 LPHase E154D D170E D170C
p-NLPG Km kcat

a

 kcat (s-1) Km(mM) kcat/Km (s-1.M-1) 

Wild type 

E154D 
D170E 
D170C 

D170C(ss) 
D170C(ds) 
5 M IOAcb 

8.09 ± 0.02 
0.34 ± 0.02 
5.36 ± 0.01 

ND 
2.28 ± 0.02 

0.035 ± 0.003 
ND 

1.59 ± 0.01 
1.82 ± 0.02 
1.72 ± 0.02 

ND 
1.67 ± 0.03 
1.75 ± 0.02 

ND 

5056 
187 
3081 

 
1365 

20 
 

c. p-NLPG 37 °C UV 400 nm  

50 mM (pH 6.8)

d. a..
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D170E

E154D

D170E �-1,3-

D170E

D170E

D170E 7-1-27

(chemical shift) 
 = 4.67 ppm (�-form 1

) 
= 5.24 ppm (�-form 1 ) D2O

D170G 25 
 = 5.24 ppm

J1;2 = 3.6 Hz �-form 1

4 �-form mutarotation �-form


 = 4.67 ppm J1;2 = 8.1 Hz �-form 1

� � = 76 24 D170E �-form

(invertion configuration) D170E

 

7-1-27 D170E 1H-NMR
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D170

( D170E ) ~20 

% D170E

< 5.5 Å PyMOL

(oxygen group) 7.04 Å

D170

LPHase

D170 C170

>95 % D170C Cys

-CH2SH D170C -CH2COO-

-CH2SH

p-NLPG D170C

5 mM 5 mM 50 mM Tris

(pH 7.6~8.5) Cys -SH

-S-CH2COO- -S-S-CH2COO-

D170C

( 7-1-28 )

D170C(ss) D170C(ds) D170C

LC/MS D170C 7-1-29

39413Da 12 D170C(ss)

39470Da 90 % (57 amu) -CH2COO-

D170C(ds) 39502Da 90 % (89 

amu) -S-CH2COO- LPHase Cys

�/�  ( 7-2-2

7-2-26 )
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7-1-28 D170C

(a) D170C(ss) (b) D170C(ds)  

 

7-1-29 D170C

(a) D170C(ss) (39470Da)

(b) D170C(ds) (39502Da)

* D170C (39413Da)  
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Cys

12 20 mM

(pH 7.5)

D170C(ss) D170C(ds) p-NLPG

(

: D170C(ds) >D170C(ss)>D170E>D170)

( 7-1-30 ) p-NLPG

D170E kcat = 5.36 s-1 kcat/Km = 3081 s-1.M-1 D170C(ss)

kcat = 2.26 s-1 kcat/Km = 1365 s-1.M-1 D170C(ds) kcat = 0.035 s-1 kcat/Km = 

20 s-1.M-1 1.6 3.5 231 (

7-1-7 )

(deglycosylation) (

)

D170C(ss) D170C(ds)

15 % 2 % (50 mM pH 7.5)

7-1-30 15%

LPHase

LC/MS ( 7-1-31

) �-1,3- (m/z = 851.2)

D170C(ss) D170C(ds)

D170C(ds)

�-1,3-

�-1,3-  
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7-1-30 LPHase D170C

(�) 5 mM ( ) �) D170C )

�) D170C(ss)  �) D170C(ds) 15 %

�) �) D170C(ss)  �) 

D170C(ds) 15%

(A)                                (B) 

 

7-1-31 10

(A) D170C(ss) (B)  D170C(ds)
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7-2 �-1,3-

7-2-1

�-1,3- GH-5 GH-16 GH-17 GH-55 GH-64 GH-81

GH-5 GH-16 GH-17

(177-179) GH-55 GH-64 GH-81

�-1,3- ( GH-55

5-8 ) GH-64

�-1,3-

BL21 (DE3) LPHase

GH-64 (*

)

LPHase

LPHase 20 ~ 25 mg/ml

7-2-2_A LPHase 0.2 

M 30 % PEG-MME 5000 0.1 M MES (pH 6.5) X-ray

3D GH-64

LPHase X-ray

( :

) ( : ) 

(Multiple-wavelength Anomalous Dispersion MAD)
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(Multiple Isomorphous Replacement MIR)

LPHase 6-20-2

LPHase

7-2-1 Cys

LPHase 0.1 M 

25 % PEG-MME 2000 0.1 M Tris (pH 7.0)

7-2-2_B

LPHase 7-2-3

 

7-2-1

(a) LC/MS/MS m/z

(b) (a)
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(A) 

(B) 

7-2-2 (A) LPHase (B) SeMet-LPHase

(A) 0.15 M 30 % PEG-MME 5000 0.1 M MES (pH 6.5)

LPHase ( )

(B) 0.1 M 25 % PEG-MME 2000 0.1 M Tris (pH 7.0)

SeMet-LPHase ( )
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7-2-3 PyMOL (Selenomethionine / SeMet)

SeMet-LPHase 4 ( )

SeMet124 SeMet171 SeMet244 SeMet365 (Occupancy) 59 % 61 % 58 %

72 % ( )

7-2-4 LPHase (sweet tasting protein) Thaumatin

(superposition)

(Cartoon representation) LPHase Thaumatin �

112 C� r.m.s.d. 2.004 Å ( LPHase Thaumatin 

PDB 1THV)(  PyMOL )
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 (A) 

 
(B) 
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7-2-6 LPHase (surface representation)

LPHase (cleft/groove) ( (hydrophobic) 

) ( PyMOL 

) 
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7-2-2 �-1,3-

 

LPHase (asymmetric unit)

(solvent content) 53 % (monomer) P212121

6 �- (�-helix) 18 �

(�-sheet) 1 � (310 ) �- (up-and-down �-sheet)

�- (�-barrel domain) �/� (�/� mixed domain) 

( 7-2-5_A) LPHase ( 7-2-5_B )

�/�- �-

�-1,3- ( 7-2-6)

(cleft/groove) (glycosyl hydrolase)

LPHase Cys306 Cys326 Cysteine

(intra-subunit disulfide bonds) LPHase

(inter-subunit disulfide bonds)

LPHase Cys306 Cys326 3.69 Å ( 7-2-7

) 1.6 ~ 2.4 Å LPHase

Hg2+ Cysteine

LPHase

PROCHECK (disallowed region) Arg308
�4

�5 �- (Turn) 5 H2O

(hydrogen bond) Arg308N-Wat131 (2.91 Å) Arg308NH1-Wat179 (2.94 Å) 

Arg308NH2-Wat334 (3.19 Å) Arg308O-Wat380 (2.78 Å) Arg308O-Wat709 (3.16 Å) (  
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7-2-7 LPHase Cysteine

(A) LPHase Cys306 Cys326 Cysteine (disulfide bond) 1.6 ~ 2.4 Å Cys306-Cys326

3.69 Å 2.4 Å LPHase (B) Cys306 Cys326 2Fo-Fc (1.5 �)

( ) 
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7-2-8 LPHase Ramachandran Plot (disallowed region)

Arg308  

(A) Arg308 LPHase Arg308 �4- �5-

(turn) (B) Arg308

(Leu310 Asp311) (C) Arg308

( ) 
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7-2-8 ) Arg308

LPHase A chain 367 ( 35 )

362 Met1 Ala36 Asn314

Asp315 Gln316 5 2Fo-Fc

4

367 90 98.6 %

(362/367)

(loop) (flexible)

LPHase N

�4 �5 �-  

3-2-3 �-1,3-

LPHase GH-5 16 17

�- �- (�-barrel domain) �/�-

(�/� mixed domain) Dali Server 

(http://www.ebi.ac.uk/dali/) �/�- Protein Data Bank 

(http://www.wwpdb.org/) 9,005

�- 121 PDB 1THV

1YHP-A 1IAZ-A ( XVI ) LPHase �/�- �-

1THV 17

�- 1THV LPHase

LPHase �- LPHase

1THV ( Thaumatococcus daniellii Thaumatin)(215)

(superimpose) ( 7-2-4 ) �-
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Thaumatin (Protein Data Bank code 1THV) 

LPHase �- �-

18.3 %

Thaumatin (sweetener)

(flavor enhancer)

katemfe(Thaumatococcus daniellii Bennett)

Thaumatin I Thaumatin II (in vitro)

Thaumatin (Thaumatin protein family) (hyphal 

growth) (sporulation) (pathogen-response 

protein domain)(216-218) Thaumatin �-1,3-

(binding subsuit) (219) LPHase �-

�-1,3 

�-1,3-

GH-64

LPHase

GH-64

GH-64

GH-64 �-1,3- (

XVI) Oerskovia xanthineolytica Arthrobacter sp.YCWD3

Streptomyces �-1,3-

LPHase 70~85 %

40 % �-1,3-
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7-2-9

LPHase �-1,3-

( )

�-1,3-

Streptomyces �-1,3-

LPHase �-1,3- Streptomyces

�-1,3-

( 7-2-10 )

PyMOL 7-2-9 LPHase

 �2 �4 �5 �6 �7 �8 �10 �12 �17

51 �-1,3-

51 Streptomyces �-1,3-

19 ( )

7-2-11

( )

�-1,3-

LPHase (processivity)

(220)
�-1,3-

(exo-type)

�-1,3-

LPHase (endo/groove)

(glycosyl hydrolase) �-1,3-
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7-2-12 7-2-1

(open-groove)

(binding subsuit) 7-2-12

LPHase loop- ( ) �-

�- �-

�- loop LPHase

20~25 Å

10~18 Å

GH-5 GH-6 GH-7 GH-8 GH-9 GH-19 GH-28 GH-46 GH-53

� �-1,4

LPHase �-1,3- (curdlan)

LPHase
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7-2-9 LPHase 64

40 %
LPHase 7-2-9 LPHase  (� �- � �- � 310 T 

) LPHase LPHase  ( 35 Methionine) 

BAA34349.1  Streptomyces matensis Laminaripentaose-producing �-1,3-glucanase (LPHase) CAC16439.1 Streptomyces 

coelicolor A3(2) putative secreted sugar hydrolase NP_631602.1 Streptomyces coelicolor A3(2) secreted sugar 

hydrolase CAJ89566.1 Streptomyces ambofaciens ATCC 23877 putative secreted sugar hydrolase BAC68763.1 Streptomyces 

avermitilis MA-4680 putative sugar hydrolase NP_822228.1 Streptomyces avermitilis MA-4680 sugar hydrolase

CAC16456.1 Streptomyces coelicolor A3(2) putative secreted hydrolase NP_631619.1 Streptomyces coelicolor A3(2) 

secreted hydrolase BAA04892.1 Arthrobacter sp. YCWD3 �-1,3-glucanase (GlcI) AAA25520.1 Cellulosimicrobium 

cellulans  ( Oerskoviaxanthineolytica ) �-1,3-glucanase BAA34349.1(LPHase)  

( ) ( ) 
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7-2-10 LPHase LPHase-

(A) LPHase (B) LPHase-

�/�- �-

(1.5 �)

( 2Fo-Fc Fo-Fc 

) ( PyMOL ) 

7-2-11 LPHase

( PyMOL )
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7-2-12

( loop �- �- )
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7-2-1 7-2-12 PDB

Glycoside 

hydrolase 

family 

enzyme Organism 
PDB 

number 
Structure of substrate 

Clans of enzyme 

structure 

Hydrolysis 

products 

GH-5 Endo-mannanase Thermotoga maritima 1VJZ [Man-�-1,4-Man]n Clans-A (�/�)8  

GH-6 Endo-1,4-glucanase Thermobifida fusca 2BOF [Glc-�-1,4-Glc]n   

GH-7 Endo-1,4-glucanase I Fusarium oxysporum 3OVW [Glc-�-1,4-Glc]n Clans-B �-jelly roll  

GH-8 Endo-xylanase Pseudoalteromonas haloplanktls 1XW2 [xyl-�-1,4-xyl]n Clans-M (�/�)6  

GH-9 Endo-1,4-glucanase Nasutitermes takasagoensis 1KS8 [Glc-�-1,4-Glc]n   

GH-16 
Lichenase 

(�-1-3,4- glucanase) 
Bacillus licheniformis 1GBG [Glc�-1,4Glc�-1,4Glc�-1,3Glc]n Clans-B �-jelly roll  

GH-17 Endo-1,3-glucanase Musa acuminata 2CYG 
[Glc-�-1,3-Glc]n 

[(Glc-�-1,3-Glc)m-�-1,6-Glc]n 
Clans-A (�/�)8  

GH-19 Chitinase Streptomyces coelicolor A3 2CJL [GlcNAc-�-1,4-GlcNAc]n   

GH-28 Endo-polygalacturonase Chondrostereum purpureum 1KCC [Galturon-�-1,4-Galturon]n Clans-N �-helix  

GH-46 Chitosanase Bacillus circulans 2D05 [GlcN-�-1,4-GlcN]n Clans-I � + �  

GH-53 Endo-1,4-glucanase Aspergillus aculeatus 1FHL [Glc-�-1,4-Glc]n Clans-A (�/�)8  

GH-64 LPHase Streptomyces matensis DIC-108  [Glc-�-1,3-Glc]n   

( CAZy database http://www.cazy.org/fam.html) 
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7-2-4

LPHase

Asp170(D170) Glu154(E154) GH-64

(Family GH-64) LPHase

Asp143 (D143) Glu154 (E154) Asp170 (D170) Asp376 (D376) Asp377 (D377)

5

�- �/�- 7-2-13

LPHase

Asp143

4

( 7-2-13_B ) Asp376

Asp376

p-NLPG

Glu154

Asp170
�-1,3- �-

( 7-2-13_B Glu154 Asp377

)

10 ± 0.5 Å ( 6.5 ~ 10.5 Å) LPHase

Glu154-Asp170 7.04 Å Glu154-Asp377 11.85 Å

Asp170-Asp377 15.01 Å 10 ± 0.5 Å ( 7-2-14

) Asp377 p-NLPG

(  
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(A)                                      (B) 

7-2-13 (Asp143 Glu154 Asp170 Asp376 Asp377)

LPHase

(A) (B) Asp143 Glu154 Asp170 Asp376 Asp377 5

Asp376 Asp143

Glu154 Asp170 Asp377 (  PyMOL 

) 

 

 

 7-2-14 Glu154 Asp170 Asp377

LPHase Glu154 Asp170 7.99 Å 5.86 Å 7.04Å Glu154

Asp377 13.15 Å 10.65 Å 11.85 Å  (

) ( PyMOL )
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7-1-5 ) LPHase

Glu154 Asp170

�-1,3- �-1,3-

LPHase

(model) LPHase

Glu154 Asp170

2009 J. Biol. Chem.

7-1-7

�-1,3- LPHase

(substrate binding characters) [ (-2), (-1), (+1), (+2), (+3), 

(+4), (+5)]
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7-2-5

 

7-1-16 pH-profile pKa

pKa Arg (R pKa=12.5) Lys (K pKa=10.0) Tyr (Y

pKa=10.1) LPHase  p-NLPG

PyMOL LPHase LPHase

Arg Lys Tyr

Arg115 (R115) Tyr232 (Y232) Tyr371 (Y371) (

) 7-2-15

Asp170 ( )

Tyr232 Tyr371 ( ) Glu154 ( )

Arg115 ( ) PyMOL Arg115 Tyr232

Tyr371 Glu154 Asp170

7-2-2 Tyr371

Asp377 ( ) 4.7 Å

Glu154 Asp170 8.1 12.6 Å (

7.0 Å) Y371A 7-1-4 7-1-5

2 % 84 

% p-NLPG

kcat = 6.2 s-1 kcat/Km = 3967 s-1.M-1 Y371A pH-profile

Tyr371 Asp377

–OH Tyr Ala –OH
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7-2-15 LPHase

Glu154( ) Asp170 (

) Arg115( ) Glu154

Tyr232 Tyr371( ) Asp170 Asp377( ) (

 PyMOL ) 
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Arg115 Tyr232

7.0 Å Arg115-Glu154 5.3 

Å Tyr232-Asp170 4.4 Å pH LPHase

Y232F

Y232A ( Tyr –OH ) 2 %

69 % 38 % 40 °C 50 mM (pH 7.1)

p-NLPG

Y232F kcat = 5.2 s-1 kcat/Km = 3215 s-1.M-1 Y232A kcat = 3.1 s-1 kcat/Km = 1726 

s-1.M-1 Y232F Y232A

(1) –OH (2) 

(221) LPHase

3D Asp170 (Asp170 

Oδ2···O Wat236 2.62 Å Asp170 Oδ1···O Wat456 2.40 Å) Asp

4.4 Å Tyr232

LPHase pH-profile

pKa2

(AH) Glu154

5.3 Å Arg115 Tyr232  

 

Arg115 R115K R115Q

LPHase

SDS-PAGE 95% 7-2-16_A R115K

R115Q 2 % 37 °C 2

DNS
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R115K ~0 % R115Q 91 %

50 mM (pH 7.1) 40 °C p-NLPG

R115Q kcat = 6.8 s-1 Km =1.69 mM kcat/Km = 4023 s-1.M-1

R115K UV R115K

CD

R115K 7-2-16_B R115K

R115K

(CD) R115Q

7-2-16_B R115Q 50 mM

(pH 7.1) R115Q Km  kcat

7-1-4 7-1-5

LPHase E154

(protonation) (aglycone)

(pKa) 4.2 Glu pH

LPHase (pKa) 12.5

Arg115 Gln 7-1-13

R115Q R115Q

pH-profile 7-2-17 R115Q

pH-profile (bell-shaped curve) pKa2

bell-shaped curve R115Q

pH-profile pH

pKa1 5.5~6.5 ( )

D170

pKa2 10~10.5 8.5~9 Arg115 Asp170
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6.0 Å 7.0 Å

pH

(re-protonation)

R115Q pH(>9.0)

kcat kcat/Km Glu154 (general acid)

Arg115 LPHase LPHase pH

Arg115

 

(A)                         (B) 

 

7-2-16 LPHase Arg115 SDS-PAGE CD

(A) lane M protein marker 14.4-116 kDa

lane A R115K LPHase

lane B R115Q LPHase

(B) LPHase R115K R115Q  
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(A) 

 
(B) 

 
 

7-1-17 LPHase R115Q pH-profile

50 mM pH (pH 3.0~12.0) ( ) R115Q (�) 

LPHase p-NLPG 37 0C pH (A) kcat (B) 

kcat/Km GraFit 5.0 kcat kcat/Km  pH
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7-1 7-2

LPHase

LPHase

(open groove)

7-2-18

LPHase Asp170

(C1) �-1,3

Glu154

(protonation) (aglycone)

SN2 (single-displacement) �-1,3

laminaripentaose 8 ± 0.5 Å

7-2-18 �-1,3-

�-1,3- Curdlan

Glu154 Asp170

�-1,3- ( ChemDraw Ultra 8.0 )
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1. (Polymerase Chain Reaction) 24

�-1,3- pRSET_A

BL21(DE3) �-1,3-

95 % �-1,3- LPHase

2. LPHase pH 

7.5~8.5 pH 5.0 pH 9.0

55 0C 25~60 0C

LPHase Hg2+ DTT

2-mercaptoethanol LPHase

cys

3. LPHase

87 %

UV

4. GH-64 LPHase SDSC WORKBENCH

LPHase Asp143 Glu154 Asp170 Asp376 Asp377 5

Asp93

Asp143 Glu154 Asp159 Asp170 Asp184 Asp221 Asp376 Asp377

E154Q D170N

336 1014 p-NLPG

Km 1~1.5 kcat 900

(kcat/Km) 1/1700~1/2000

5. EPLPG 2DFMNLPG LPHase
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6. pH-dependence / (

pKa) D170G/N

E154G/Q LC/MS 1H-NMR

D170G

_azid (m/z = 876.2) �-pentaglucosyl_azide

LPHase Asp170

Glu154

7. D170C(ss) D170C(ds) LPHase

15% 2% (20 mM Na2HPO4 pH 7.5)

15%

LC/MS

( D170C(ds) �-1,3-

) D170C(ss)

D170C(ds) LPHase

8. Asp170 4.4 Å Tyr232

Y232A

38 %

9. R115Q pH-profile (bell-shaped curve)

pKa 10~10.5

8.5~9 R115Q pH
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10. Streptomyces matensis DIC-108 Laminaripentaose-Producing 

�-1,3-Glucanase(LPHase) LPHase Cys

X-ray

98.6 % LPHase 1.62 Å 64

�/�- �-

(open groove)

20 ~ 25 Å

11. LPHase �-1,3- �-1,3

laminaripentaose �-1,3

LPHase  �/�- �-

LPHase

SN2

LPHase

LPHase

Glu154 Asp170

LPHase

 



 

 290 

 

1. Simone S., Andrea R., Elmar W., Paul G.Layer, (2006) Fucose in �-(1-6)-linkage 

regulates proliferation and histogenesis in reaggregated retinal spheroids of the chick 

embryo. Glycobiology, 9, 1171-1179. 

2. Becker, D. J., and Lowe, J. B. (2003) Fucose : biosynthesis and biological function in 

mammals. Glycobiology, 13, 41R-53R. 

3. Hopper, L.V. and Gordon, J. I. (2001) Glycans as legislator for host-microbial 

interaction: spanning the spectrum from symbiosis to pathogenicity. Glycobiology, 11, 

1-10. 

4. M. G. Giardina, M. Matarazzo, A. Varriale, R. Morante, A. Napoli, R. Martino. (2006) 

Serum �-L-fucosidase. A useful marker in the diagnosis of hepatocellular carcinoma. 

Cancer, 70, 1044 – 1048. 

5. Listinsky, J.J., Siegal, G. P., and Listinsky, C. M. (1998) �-L-fucose: a potentially 

critical molecule in pathologic processes including neoplasia. Am. J. Clin. Pathol., 

110, 425-440. 

6. Staudacher, E., Altmann, F., Wilson, I.B., and Marz, L. (1999) Fucose in N-glycans: 

from plant to man. Biochim. Biophys. Acta, 1493, 216-236. 

7. Becker, D. J. and Lowe, J. B. (1999) Leukocyte adhension defucuency type II. 

Biochim. Biophys. Acta, 1455, 193-204. 

8. Vanhooren, P. T., and Vandamme, E. J. (1999) L-Fucose: Occurence, physiological 

role, chemical, enzymatic and microbial synthesis. J. Chem. Technol. Biotechnol., 74, 

479-497. 

9. Augur, C., Benhamou, N., Darvill, A., and Albersheim, P. (1993) Purification, 

characterization, and cell wall localization of an �-L-fucosidase that inactivates a 

xyloglucan oligosaccharin. Plant J., 3, 415-426. 



 

 291 

10. Augur, C., Stiefel, V., Darvill, A., Albersheim, P., and Puigdome` nech, P. (1995) 

Molecular cloning and pattern of expression of an �-L-fucosidase gene from pea 

seedlings. J. Biol. Chem., 270, 24839-24843. 

11. Giardina, M. G., Matarazzo, M., Morante, R., Lucariello, A., Varriale, A., Guardasole, 

V., and De Marco, G. (1998) Serum �-L-fucosidase activity and early detection of 

hepatocellular carcinoma. Cancer, 83, 2468-2474. 

12. Barker, C., Dell, A., Rogers, M., Alhadeff, J. A., and Winchester, B. (1988) Canine 

�-L-fucosidase in relation to the enzymic defect and storage products in canine 

fucosidosis. Biochem. J., 254, 861-868. 

13. Warner, T. G.., and O’Brien, J. S. (1983) Genetic defects in glycoprotein metabolism. 

Ann. Rev. Genet., 17, 395-441. 

14. Abraham, D., Blakemore, W. F., Dell, A., Herrtage, M. E., Jones, J., Littlewood, J. T., 

Oates, J., Palmer, A. C., Sidebotham, R., and Winchester, B. (1984) The enzyme 

defect and storage products in canine fucosidosis. Biochem. J., 221, 25-33. 

15. Watkins, P., and Alhadeff, J. A. (1981) Kinetic and immunochemical characterization 

of �-L-fucosidase from vertebrate livers. Comp. Biochem. Physiol., 68B, 509-516. 

16. Lissens, W., Vrijsen, R., Sijen, R. J., Liebaers, I., and Boeye A. (1985) Demonstration 

of human �-L-fucosidase polymorphism by means of monoclone antibodies. Biochim. 

Biophys. Acta., 831, 281-287. 

17. Alhadeff, J. A., and Janowsky, A. J. (1975) Human serum �-L-fucosidase. Clinic 

Chim Acta., 82, 133-140.  

18. Laury-Kleintop, L. D., Alhadeff, J. A., and Damjanov, I. (1985) Isoelectric forms of 

�-L-fucosidase in mouse teratocarcinoma derived cell lines. Devl. Biol., 111, 520-524. 

19. Alhadeff, J. A., and Amdrews-Smith, G. L. (1984) Radioimmunochemical evidence 

for role of carbohydrate in antigenic determinants on human liver �-L-fucosidase. 

Biochem. J., 223, 293-298. 



 

 292 

20. Beem, E. P., W Lisman, J. J., Van Steijn, G. J., Van Der Wal, C. J., W Trippelvitz, 

L.A., Overdijk, B., Van Halbeek, H., Mutsaers, J. H. G. M. and Vliegenthart, J. F. G. 

(1987) Structure analysis of the carbohydrate moieties of �-L-fucosidase from human 

liver. Glycoconjugate J., 4, 33-42. 

21. Argade, S. P., Hopfer, R. L., Strang, A. M., Van Halbeek, H. and Alhadeff, J. A. (1988) 

Structure studies on the carbohydrate moieties of human liver �-L-fucosidase. Archs 

Biochem. Biophys., 226, 227-247. 

22. Fukushima, H., DeWet, J. R. and O’Brien, J. S. (1985) Molecular cloning of a cDNA 

for human �-L-fucosidase. Proc. Natn. Acad. Sci. USA, 82, 1262-1265. 

23. Fisher, K. J. and Aronson, N. N. Jr. (1989) Isolation and sequence analysis of a cDNA 

encoding rat liver �-L-fucosidase. Biochem. J., 264, 695-701. 

24. Piesecki, S., and Alhadeff, J. A. (1992) The effect of carbohydrate removal on the 

properties of human liver �-L-fucosidase. Biochim Biophys Acta., 1119, 194. 

25. Chien, S. and Dawson, G. (1980) Purification and properties two forms of 

�-L-fucosidase. Biochim. Biophys. Acta, 614, 476-488. 

26. DiCioccio, R. A., Barlow, J. J. and Matta, K. L. (1983) Heat stablity and pH activity 

data �-L-fucosidase in human serum vary with enzyme concentration. Enzyme, 30, 

122-128. 

27. Thorpe, R. and Oates, M. D. G. (1978) The hydrolysis of L-fucose from some 

naturally ocurring compounds by purified human liver �-L-fucosidase. Carbohydr. 

Res., 60, 407-411. 

28. Johnson, S. W., and Alhadeff, J. A. (1991) Mammalian �-L-fucosidase. Comp. 

Biochem. Physiol., 99B, 479-488. 

29. Turner B. M., Beratis N. G., and Hirschhorn K. (1975) Silent allele as genetic basis of 

fucosidosis. Nature, 257, 391-392. 

30. Michalski, J. C., Wieruszeski, J. M., Alonso, C., Cache, P., Montreuil, J., and Strecker, 



 

 293 

G. (1991) Characterization and 400 MHz P1PHNMR analysis of urinary fucosyl 

glycoasparagines in fucosidosis. Eur. J. Biochem., 201, 439-458. 

31. Tiberio, G., Filocamo, M., Gatti, R., and Durand, T. (1995) Mutations in the 

fucosidosis gene: a review. Acta Genet. Med. Gemellol., 44, 223-232. 

32. Cragg, H., Williamson, M., Young, E., O'Brien, J., Alhadeff, J., Fang-Kircher, S., 

Paschke, E., and Winchester, B. (1997) Fucosidosis: genetic and biochemical analysis 

of eight cases. J. Med. Genet., 34, 105-110. 

33. Noronkoski, T., and Mononen, I. (1997) Influence of L-fucose attached �1-6 to 

asparagine-linked N-acetylglucosamine on the hydrolysis of the N-glycosidic linkage 

by human glycosylasparaginase. Glycobiology, 7, 217-220. 

34. Haeuw, J. F., Grard, T., Alonso, C., Strecker, G., and Michalski, J. C. (1994) The core 

specific lysosomal �-(1-6)-mannosidase activity depends on aspartamido hydrolase 

activity. Biochem. J., 297, 463-466. 

35. Scanlin, T. F., Matacic, S. S., Pace, M., Santer, U. V. and Glick, M. C. (1977) 

Abnormal distribution of �-L-fucosidase in cystic fibrosis increased activity in skin 

fibroblasts. Biochem. Biophy. Res. commun., 79, 869-875. 

36. Scanlin, A. T. F., Smit-Matacic, S. and Glick, M. C. (1979) Abnormal distribution of 

�-L-fucosidase in cystic fibrosis decreased activity in serum. Clin. Chim. Acta., 91, 

197-202. 

37. Deugnier, Y., David, V., Brissot, P., Mabo, P., Delamaire, D., Messner, M., Legall, J. 

(1984) Serum �-L-fucosidase: A new marker for the diagnosis of primary hepatic 

carcinoma. Hepatology, 4, 889-892. 

38. Takahashi, H., Saibara, T., Iwamura, S., Tomita, A., Maeda, T., Onishi, S., Yamamoto, 

Y. and Enzan, H. (1994) Serum �-L-fucosidase activity and tumor size in 

hepatocellular carcinoma. Hepatology., 19, 1414-1417. 

39. Giardina, M.G.., Matarazzo, M., Varriale, A., Morante, R., Napoli, A., and Martino, R. 



 

 294 

(1992) Serum �-L-fucosidase. A useful marker in the diagnosis of hepatocellular 

carcinoma. Cancer, 70, 1044-1048. 

40. Ayude, D., Fernandez-Rodriguez, J., Rodriguez-Berrocal, F. J., Martinez-Zorzano, V. 

S., de Carlos, A., Gil, E., Paez de La Cadena, M. (2000) Value of the serum 

�-L-fucosidase activity in the diagnosis of colorectal cancer. Oncology, 59, 310-316. 

41. Ayude, D., Fernandez-Rodriguez, J., Rodriguez-Berrocal, F. J., Martinez-Zorzano, V. 

S., de Carlos, A., Gil, E., Paez de La Cadena, M. (2003) Preoperative serum 

�-L-fucosidase activity as a prognostic marker in colorectal cancer. Oncology, 64, 

336-45. 

42. Han Y. W. and Srinivasan V. R. (1969) J. Bacteriol., 100, 1355-1363. 

43. Aminoff, D., and Furukawa, K. (1970) Enzymes that destroy blood group specificity. 

J. Biol. Chem., 7, 1659-1669. 

44. Kochibe, N. (1973) Purification and properties of �-L-fucosidase from Bacillus 

fulminans. J. Biochem., 74, 1141-1149. 

45. Sano, M., Hayakawa, K., and Kato, I. (1992) Purification and characterization of 

�-L-fucosidase from Streptomyces species. J. Biol. Chem., 267, 1522-1527. 

46. Wong-Madden, S. T., and Landry, D. (1995) Purification and characterization of novel 

glycosidases from the bacterial genus Xanthomonas. Glycobiology, 5, 19-28. 

47. Yamamoto, K., Tsuji, Y., Kumagai, H., and Tochikura, T. (1986) Induction and 

purification of �-L-fucosidase from Fusarium oxysporum. Agric. Biol. Chem., 50, 

1689-1695. 

48. Yazawa, S., Madiyalakan, R., Chawda, R. P., and Matta, K. L. (1986) �-L-Fucosidase 

from Aspergillus niger. Demonstration of a novel �-L-(1-6)-fucosidase acting on 

glycopeptides. Biochem. Biophys. Res. Commun., 136, 563-569. 

49. Kobata, A. (1982) �-L-Fucosidases from almond emulsion. Methods Enzymol., 83, 

625-631. 



 

 295 

50. Henrissat. B. (1991) A classification of glycosyl hydrolases based on amino acid 

sequence similarities. Biochem. J., 280, 309-316  

51. Wolfenden, R., Lu, X., and Young, G. (1998) Spontaneous hydrolysis of glycosides. J. 

Am. Chem. Soc., 120, 6814-6815. 

52. Chothia C. (1992) Proteins. One thousand families for the molecular biologist. Nature, 

357, 543-544. 

53. Dan, S. and Marton, I. (1999) Colning, Expression, Characterization, and Nucleophile 

Identification of Family 3, Aspergillus niger �-glucosidase. J. Biol. Chem., 275, 

4973-4980. 

54. Henrissat. B., and Bairoch, A. (1996) Updating the sequence-based classification of 

glycosyl hydrolases. Biochem. J., 316, 695-696. 

55. Varghese, J. N., Hrmova, M., and Fincher, G. B.(1999) Three-dimensional structure of 

a barley family 3 glycosyl hydrolase. Structure with Folding & Design., 7, 179-190. 

56. Tarling, C. A., He, S., Sulzenbacher, G., Bignon, C., Bourne, Y., Henrissat, B., and 

Withers, S. G. (2003) Identification of the catalytic nucleophile of the family 29 

alpha-L-fucosidase from Thermotoga maritima through trapping of a covalent 

glycosyl-enzyme intermediate and mutagenesis. J. Biol.Chem., 278, 47394-9. 

57. Katayama, T., Sakuma, A., Kimura, T., Makimura, Y., Hiratake, J., Sakata, K., 

Yamanoi, T., Kumagai, H., and Yamamoto, K. (2004) Molecular cloning and 

characterization of Bifidobacterium bifidum 1,2-alpha-L-fucosidase (AfcA), a novel 

inverting glycosidase (glycoside hydrolase family 95). J. Bacteriol., 186, 4885-93. 

58. McCarter, J., and Withers, S. G. (1994) Mechanisms of enzymatic glycoside 

hydrolysis. Curr. Opin. Struct. Biol., 4, 885-892. 

59. Davies, G., Sinnott, M. L., and Withers, S. G. (1998) In Comprehensive Biological 

Catalysis (Sinnott, M. L., ed ). Academic Press, London., 1, 119-208.  

60. Howard, S., and Withers, S. G. (1998) Labeling and identification of the postulated 



 

 296 

acid/base catalyst in the �-glucosidase from Saccharomyces cerevisiae using a novel 

bromoketone C-glycoside. Biochemistry, 37, 3858-3864. 

61. Moracci, M., Trincone, A., Perugino, G., Ciaramella, M., and Rossi, M. (1998) 

Restoration of the activity of active-site mutants of the hyperthermophilic 

�-glycosidase from Sulfolobus solfataricus: Dependence of the mechanism on the 

action of external nucleophiles. Biochemistry, 37, 17262-17270   

62. MacLeod, A.M., Tull, D., Rupitz, K, Warren, R.A.J., and Withers, S.G. (1996) 

Mechanistic consequences of mutation of active site carboxylates in a retaining 

�-1,4-glycanase from Cellulomonas fini. Biochemistry, 35, 13165-13172  

63. Sulzenbacher, G., Bignon, C., Nishimura, T., Tarling, C. A., Withers, S. G., Henrissat, 

B., and Bourne, Y. (2004) Crystal structure of Thermotoga maritima 

alpha-L-fucosidase. Insights into the catalytic mechanism and the molecular basis for 

fucosidosis. J Biol Chem., 279, 13119-28. 

64. Masamichi Nagae, Atsuko Tsuchiya, Takane Katayama, Kenji Yamamoto, Soichi 

Wakatsuki, and Ryuichi Kato. (2007) Structural Basis of the Catalytic Reaction 

Mechanism of Novel 1,2-�-L-Fucosidase from Bifidobacterium bifidum. J. Biol. 

Chem., 282, 18497-509. 

65. Cobucci-Ponzano, B., Trincone, A., Giordano, A., Rossi, M., and Moracci, M. (2003) 

Identification of the catalytic nucleophile of the family 29 alpha-L-fucosidase from 

Sulfolobus solfataricus via chemical rescue of an inactive mutant. Biochemistry, 42, 

9525-31. 

66. Cobucci-Ponzano, B., Mazzone, M., Rossi, M., and Moracci, M. (2005) Probing the 

catalytically essential residues of the alpha-L-fucosidase from the hyperthermophilic 

archaeon Sulfolobus solfataricus. Biochemistry, 44, 6331-42. 

67. Miura, T., Okamoto, K., and Yanase, H. (2005) Purification and characterization of 

extracellular 1,2-�-L-fucosidase from Bacillus cereus. J Biosci Bioeng., 99, 629-35. 



 

 297 

68. Moracci, M., Trincone, A., Perugino, G., Ciaramella, M., and Rossi, M. (1998) 

Restoration of the activity of active-site mutants of the hyperthermophilic 

beta-glycosidase from Sulfolobus solfataricus: Dependence of the mechanism on the 

action of external nucleophiles. Biochemistry, 37, 17262-17270.   

69. MacLeod, A.M., Tull, D., Rupitz, K, Warren, R.A.J., and Withers, S.G. (1996) 

Mechanistic consequences of mutation of active site carboxylates in a retaining 

beta-1,4-glycanase from Cellulomonas fini. Biochemistry, 35, 13165-13172.  

70. Wang, Q., Trimbur D., Graham, R., Warren, R. A. J., and Withers, S.G. (1995) 

Identification of the acid/base catalyst in agrobacterium-faecalis beta-glucosidase by 

kinetic-analysis of mutants. Biochemistry, 34, 14554-14562. 

71. Gebler, J.C., Trimbur, D.E., Warren, A.J., Aebersold, R., Namchuk , M., and Withers, 

S.G.. (1995) Substrate-induced inactivation of a crippled beta-glucosidase mutant - 

identification of the labeled amino-acid and mutagenic analysis of its role. 

Biochemistry, 34, 14547-14553.  

72. Viladot, J.L., de Ramon, E., Durany, O., and Planas, A. (1998) Probing the 

mechanism of Bacillus 1,3-1,4-beta-D-glucan 4-glucanohydrolases by chemical 

rescue of inactive mutants at catalytically essential residues. Biochemistry, 37, 

11332-11342.  

73. Zechel, D.L., and Withers, S.G. (2000) Glycosidase mechanisms: Anatomy of a finely 

tuned catalyst. Acc. Chem .Res., 33, 11-18. 

74. Donald, E. T., Warren, R. A. J., and Withers, S. G. (1992) Region-directed 

Mutagenesis of Residues Surrounding the Active Site Nucleophile in β-Glucosidase 

from Agrobacterium faecalis. J. Biol. Chem., 267, 10248-10251. 

75. Withers, S. G., Rupitz, K., Trimbur, D., and Warren, R. A. J. (1992) Mechanistic 

Consequences of Mutation of the Active Site Nucleophile Glu 358 in Agrobacterium 

β-Glucosidase. Biochemistry, 31, 9979-9985.  



 

 298 

76. Withers, S. G., Warren, R. A.J., Street, I. P., Rupitz, K., Kempton, J. B., and Aebersold, 

R. (1990) Unequivocal Demonstration of the Involvement of a Glutamate Residue as 

a Nucleophile in the Mechanism of a “Retaining” Glycosidase. J. Am. Chem.Soc., 112, 

5887-5889. 

77. Withers, S. G. and Aebersold,, R., (1995) Approaches to labeling and identification of 

active site residues in glycosidases. Protein Science, 4, 361-372. 

78. Juffer, A. H. (1998) Theoretical calculations of acid-dissociation constants of proteins. 

Biochem.Cell Biol., 76, 198–209.  

79. Ly, H. D., and Withers, S. G. (1999) Mutagenesis of glycosidases. Annu. Rev. 

Biochem., 68, 487-522. 

80. Wang, Q, Withers, S. G. (1995) Substrate-assisted catalysis in glycosidases. J. Am. 

Chem.Soc. 117, 10137-10378. 

81. White, J. W., Schray, K. J, Legler, G. and Alhadeff, J. A. (1986) Active-site-directed 

inactivation of human liver �-L-Fucosidase by conduritol C trans-epoxide. Biochim. 

Biophys. Acta, 873, 198-203. 

82. Eneyskaya, E. V., Kulminskaya, A. A., Kalkkinen, N., Nifantiev, N. E., Arbatskii, N. 

P., Saenko, A. I., Chepurnaya, O. V., Arutyunyan, A. V., Shabalin, K. A., and 

Neustroev, K. N. (2001) An �-L-fucosidase from Thermus sp. with unusually broad 

specificity. Glycoconj. J., 18, 827–834. 

83. Berteau, O., McCort, I., Goasdoue, N., Tissot, B., and Daniel, R. (2002) Sulfated 

fucans, fresh perspectives: structures, functions, and biological properties of sulfated 

fucans and an overview of enzymes active toward this class of polysaccharide. 

Glycobiology, 12, 273–282. 

84. Grove D. S. and Serif G.. S. (1981) Procine thyroid fucosidase. Biochim. Biophys. 

Acta, 662, 246-255. 

85. White, J. W., Schray, K. J, Legler, G. and Alhadeff, J. A. (1985) Studies on the 



 

 299 

catalytic residues at the active site of human liver �-L-Fucosidase. Biochim. Biophys. 

Acta, 829, 303-310. 

86. White, W. J., Jr., Schray, K. J., Legler, G., and Alhadeff, J. A. (1987) Further studies 

on the catalytic mechanism of human liver alpha-L-fucosidase. Biochim. Biophys. 

Acta, 912, 132–138.  

87. Henrissat, B. (1991) A classification of glycosyl hydrolase based on amino acid 

sequence similarities. Biochem. J., 280, 309-316. 

88. McCarter, J.D., and Withers, S. G. (1994) Mechanism of enzymatic glycoside 

hydrolysis. Curr. Opin. Struct. Biol., 4, 885-892. 

89. Guofeng, Gu., Yuguo, Du., Hongyan, Hu., and Cheng, Jin. (2003) Synthesis of 

2-chloro-4-nitrophenyl a-L-fucopyranoside: a substrate for a-L-fucosidase (AFU). 

Carbohydr. Res., 338, 1603-1607. 

90. Wegmann, B., and Schmidt, R. R. (1985) Synthesis of the H-disaccharide 

(2-O-�-L-fucopyranosyl-D-galatose) via the truchloroacetimidate method. Carbohydr. 

Res., 184, 254-261. 

91. Alejandro de Carlos, Dolores Montenegro, Ana Alonso-Rodrıguez, Marıa Paez dela 

Cadena, and Vicenta Soledad Martınez-Zorzano. (2003) Purification of human 

alpha-L-fucosidase precursor expressed in Escherichia coli as a glutathione 

S-transferase fusion protein. J. Chromatog. B, 786, 7–15. 

92. (2006) . 

93. Legler, G., Stiitz, A. E., and Immich, H. (1995) Synthesis of 

1,5-dideoxy-1,5-imino-d-arabinitol (5-nor-l-fuco-1-deoxynojirimycin) and its 

application for the affinity purification and characterisation of �-L-fucosidase. 

Carbohydr. Res., 272, 17-30. 

94. Durkee, A. B., and Siddiqui, I. R. (1979) Syntheses of 4-O-β-D-glucopyranosyl 

derivatives of phenolic acids of natural occurrence in plants. Carbohydr. Res., 77, 



 

 300 

252-254 . 

95. Black T. S., Laszlo K., Tull D., and Withers, S. G. (1993) 

N-Bromoacetyl-glycopyranosylamines as affinity labels for a β-glucosidase and a 

cellulase. Carbohydr. Res., 250, 195-202 

96. (2005) . 

97. Alhadeff, J. A., Miller, A. L., Wenaas, H., Vedvick, T., and O’Brien, J. S. (1975) 

Human liver �-L-fucosidase Purification, characterization, and immunochemical 

studies. J. Biol. Chem., 250, 7106-7113. 

98. Wu, C.-Y., Chang, C.-F., Chen, J. S.-Y., Wong, C.-H., and Lin, C.-H. (2003)  Rapid 

diversity-oriented synthesis followed by In situ screening: identification as potent and 

selective �-L-fucosidase inhibitors. Angew. Chem., Int. Ed., 42, 4661-4664. 

99. Chang, C.-F., Ho, C.-W., Wu, C.-Y., Chao, T.-A., Wong, C.-H. and Lin, C.-H. (2004) 

Discovery of picomolar slow tight-binding inhibitors of �-L-fucosidase. Chem. Biol., 

11, 1301-1306. 

100. Ho, C. W., Lin, Y. N., Chang, C. F., Li, S.T., Wu, Y. T., Wu, C. Y., Chang, C. F., Liu, S. 

W., Li, Y. K., and Lin, C. H. (2006) Discovery of different types of inhibition between 

the human and thermotoga maritima alpha-fucosidases by fuconojirimycin-based 

derivatives. Biochemistry, 45, 5695-702.  

101. Cobucci-Ponzano, B., Conte, F., Rossi, M., and Moracci, M. (2008) The 

alpha-L-fucosidase from Sulfolobus solfataricus. Extremophiles, 12, 61-8. 

102. Varghese, J. N., Hrmova, M., and Fincher, G. B. (1999) Three-dimensional structure 

of a barley family 3 glycosyl hydrolase. Structure with Folding & Design. 7, 179-190. 

103. Thomas, .E. W. (1970) Potential specific inhibitors of the lactose transport system of 

Escherichia coli. J. Med. Chem., 13, 755-756. 

104. Dale., M. P., Ensley, H. E., Kern K., Sastry, K. A. P., and Byers, L. D. (1985) 

Reversible inhibitors of beta –glucosidase. Biochemistry, 24, 3530-3539 



 

 301 

105. Antimo D'anlello, John hakimi, Giuseppe M. cacace and Constante ceccarini. (1982) 

The Purification and Characterization of �-L-Fucosidase from the Hepatopancreas of 

Octopus vulgaris. J. Biochem., 91, 1073-1080.  

106. Richard, A., DiCioccio, Joseph, J., Barlow, and Matta, K. L. (1982) Substrate 

Specificity and Other Properties of a-L-Fucosidase from Human Serum. J. Biol. 

Chem., 257, 714-718. 

107. Winchester, B., Barker, C., Baines, S., Jacob, G. S., Namgoong, S. K., and Fleet, G. 

(1990) Inhibition of �-L-fucosidase by derivatives of deoxyfuconojirimycin and 

deoxymannojirimycin. Biochem J., 265, 277–282. 

108. Olivier Berteau, Isabelle McCort, Nicole Goasdoué, Bérangère Tissot and Régis 

Daniel. (2002) Characterization of a new �-L-fucosidase isolated from the marine 

mollusk Pecten maximus that catalyzes the hydrolysis of �-L-fucose from algal 

fucoidan (Ascophyllum nodosum). Glycobiology, 12, 273-282.  

109. Lansing, C., Hoskins, Erwin, T., Boulding and Larson, G. (1997) Purification and 

Characterization of Blood Group A-degrading Isoforms of 

�-N-Acetylgalactosaminidase from Ruminococcus torques Strain IX-70. J. Biol. 

Chem., 272, 7932-7939. 

110. Fleet, G. W. J., Shaw, A. N., Evans, S. V., and Fellows, L. E. (1985) J. Chem. Soc. 

Chem. Commu., 841-842. 

111. Paulsen, H., and Matzke, M. (1988) Liebigs Ann.Chem., 1121-1126. 

112. Febbraio, F., Barone, R., D'Auria, S., Rossi, M., Nucci, R., Piccialli, G., De Napoli, L., 

Orru, S. and Pucci, P. (1997)  Identification of the active site nucleophile in the 

thermostable β-glycosidase from the archaeon Sulfolobus solfataricus expressed in 

Escherichia coli. Biochemistry, 36, 3068-3075. 

113. Hrmova, M., MacGregor, E., Biely, P., Stewart, J., and Fincher, G. B. (1998) Substrate 

binding and catalytic mechanism of a barley β-D-glucosidase/(1,4)-β-D-glucan 



 

 302 

exohydrolase. J. Biol. Chem., 273, 11134-11143. 

114. Moracci, M., Trincone, A., Perugino, G., Ciaramella, M., and Rossi, M. (1998) 

Restoration of the activity of active-site mutants of the hyperthermophilic 

beta-glycosidase from Sulfolobus solfataricus: Dependence of the mechanism on the 

action of external nucleophiles. Biochemistry, 37, 17262-17270. 

115. Li, Y.-K., Chir, J., Tanaka, S., and Chen, F. Y. (2002) Identification of the general 

acid/base catalyst of a family 3 �-glucosidase from flavobacterium meningosepticum. 

Biochemistry, 41, 2751-2759. 

116. Mehta, V. B., and Vaidya, B. S. (1990) Cellular and Extracellular Polysaccharides of 

the Blue green Alga Nostoc. J. Exp. Bot., 29, 1423-1430. 

117. Heald, P. J., and Kristiansen, B. (2004) Synthesis of polysaccharide by yeast-like 

forms of Aureobasidium pullulans. Biotechnology and Bioengineering, 27, 1516 – 

1519. 

118. Reis, R. A., Tischer, C. A., Gorin, P. A. J., and Iacomini, M. (2002) A new pullulan 

and a branched (1�3),(1�6)-linked �-glucan from the lichenised ascomycete 

Teloschistes flavicans. FEMS Microbiol. Lett., 210, 1-5. 

119. Federico Katzen, Diego U. Ferreiro, Cristian G. Oddo, M. Verónica Ielmini, Anke 

Becker, Alfred Pühler, and Luis Ielpil. (1998) Xanthomonas campestris pv. campestris 

gum Mutants: Effects on Xanthan Biosynthesis and Plant Virulence. J. Bacteriol., 180, 

1607–1617. 

120. Pretus, H. A., Ensley, H. E., McNamee, R. B., Jones, E. L., Browder, I. W., and 

Williams, D. L. (1991) Isolation physicochemical characterization and preclinical 

efficacy evaluation of soluble scleroglucan. J. Pharmacol. Exp. Ther., 257, 500-510. 

121. Johnson, I. T., Livesey, G., Gee, J. M., Brown, J. C., and Wortley, G. M. (1990) The 

biological effects and digestible energy value of a sugar-beet fibre preparation in the 

rat. Brit. J. Nutr., 64, 187-199. 



 

 303 

122. Stark, A. H., and Madar, Z. (1993) In Vitro Production of Short-Chain Fatty Acids by 

Bacterial Fermentation of Dietary Fiber Compared with Effects of Those Fibers on 

Hepatic Sterol Synthesis in Rats. J. Nutr., 123, 2166-2173. 

123. Baik, K. J., Kim, K.C., Cheon, Y. C., and Kim, W. S. (1997) Recrystallization kinetics 

and glass transition of rice starch gel system. J. Agr. Food Chem., 45, 4242–4248. 

124. Goy, C., and Jezequel, S. (1998) Single photon and multiphoton production in e+ e- 

collisions at a center-of-mass energy of 183-GeV. Phys. Lett. B, 429, 201-214. 

125. Boots, J. W. P., van Dongen, W. D., Verheij, H. M., de Haas, G. H., Haverkamp, J., 

and Slotboom, A. J. (1995) Identification of the active site histidine in Staphylococcus 

hyicus lipase using chemical modification and mass spectrometry. Biochim. Biophys. 

Acta - Protein Structure and Molecular Enzymology, 1248, 27-34. 

126. Fiske, S. T., Xu, J., and Cuddy, A. C. (1990) (Dis)respecting versus (dis)liking: Status 

and interdependence predict ambivalent stereotypes of competence and warmth. J. 

Social Issues, 55, 473–489.  

127. Kraus, J., and Franz. G. (1997) �-1,3-Glucans: anti-tumor activity and 

immunostimulation. Adv. Study Inst. Ser. H Cell Biol., 53, 431–444. 

128. Bohn, J. A., and BeMiller, J. N. (1995) (1�3)-�-D-Glucans as biological response 

modifiers: a review of structure-functional activity relationships. Carbohyd. Polym., 

28, 3-14. 

129. Martin, K., McDougall, B. M., McIlroy, S., Chen, J., and Seviour, R. J. (2007) 

Biochemistry and molecular biology of exocellular fungal �-(1,3)- and 

�-(1,6)-glucanases. FEMS Microbiol. Rev., 31, 168-192. 

130. Misaki, A., and Kakuta, M. (1997) Fungal 1,3-�-D-glucans: chemistry and antitumor 

activity. Carbohyd. Drug Design, 4, 655-689. 

131. Sherwood, E. R., Williams, D. L., McNamee, R. B., Jones, E. L., Browder, I. W., and 

Di Luzio, N. R. (1987) Enhancement of interleukin-1 and interleukin-2 production by 



 

 304 

soluble glucan. Int. J. Immunopharmacol., 9, 261-267. 

132. Wang, S. Y., Hsu, M. L., Hsu, H. C., Tzeng, C. H., Lee, S. S., Shiao, M. S., and Ho, C. 

K. (1997) The anti-tumor effect of Ganoderma lucidum is mediated by cytokines 

released from activated macrophages and T lymphocytes. Int J Cancer., 70, 699-705.  

133. Liu, G. Q., Zhang, K. C. (2005) Mechanisms of the Anticancer Action of Ganoderma 

lucidum (Leyss. ex Fr.) Karst.: A New Understanding. J. Integr. Plant. Boil., 47, 

129-135. 

134. Zekovic, D. B., Kwiatkowski, S., Vrvic, M. M., Jakovljevic, D., and Moran, C. A. 

(2005) Natural and modified (1�3)-�-D-glucans in health promotion and disease 

alleviation. Crit. Rev. Biotechnol., 25, 205-230. 

135. Wasser, S. P. (2002) Medicinal mushrooms as a source of antitumor and 

immunomodulating polysaccharides. Appl. Microbiol. Biotechnol., 60, 258-274. 

136. Ross, G. D., Vetvicka, V., Yan, J., Xia, Y., and Vetvickova, J. (1999) Therapeutic 

intervention with complement and �-glucan in cancer. Immunopharmacology, 42, 

61-74. 

137. Ross, G. D., Cain, J. A., Myones, B. L., Newman, S. L., and Lachmann, P. J. (1987) 

Specificity of membrane complement receptor type three (CR3) for �-glucans. 

Complement, 4, 61-74. 

138. Cain, J. A., Newman, S. L., and Ross, G. D. (1987) Role of complement receptor type 

three and serum opsonins in the neutrophil response to yeast. Complement, 4, 75-86. 

139. Vetvicka, V., Thornton, B. P., and Ross, G. D. (1996) Soluble �-glucan polysaccharide 

binding to the lectin site of neutrophil or natural killer cell complement receptor type 

3 (CD11b/CD18) generates a primed state of the receptor capable of mediating 

cytotoxicity of iC3b-opsonized target cells. J Clin. Invest., 98, 50-61.  

140. Shao, B. M., Dai, H., Xu, W., Lin, Z. B., and Gao, X. M. (2004) Immune receptors for 

polysaccharides from Ganoderma lucidum. Biochem Biophys Res Commun., 323, 



 

 305 

133-141. 

141. Adams, D. J. (2004) Fungal cell wall chitinases and glucanases. Microbiol., 150, 

2029-2035. 

142. Di Luzio, N. R., Williams, D. L., McNamee, R. B., Edwards, B. F., and Kitahama, A. 

(1979) Comparative tumor-inhibitory and anti-bacterial activity of soluble and 

particulate glucan. Int. J. Cancer., 24, 773-779. 

143. Cook, J. A., Taylor, D., Cohen, C., Rodrique, J., Malshet, V., and Di Luzio, N.R. 

(1978) Comparative evaluation of the role of macrophages and lymphocytes in 

mediating the antitumor action of glucan. In: Immune Modulation and Control of 

Neoplasma by Adjuvant Therapy, Progress in Cancer Research and Therapy. Edited 

by Chirigos MA. New York: Raven Press, 7, 183-193. 

144. Kitamura, S., Hori, T., Kurita, K., Takeo, K., Hara, C., Itoh, W., Tabata, K., Elasaeter, 

A., and Stokke, B. T. (1994) An antitumor branched �-(1 � 3)-glucan from a water 

extract of fruiting bodies of Cryptoporus colvatus. Carbohydr. Res., 263, 111-116. 

145. Bohn, J. A., and BeMiller, J. N. (1995) �-(1�3)-glucans as biological response 

modifiers: a review of structure-functional activity relationships. Carbohydr. poly., 28, 

3-7. 

146. Matsuoka, H., Seo, Y., Wakasugi, H., Saito T., and Tooda, H. (1997) Lentinan 

potentiates immunity and prolongs the survival time of some patients. Anticancer Res., 

17, 2751-2756. 

147. Nakano, T., Oka, K., Hanba, K., and Morita, S. (1996) Intratumoral administration of 

sizofiran activates Langerhans cell and T-cell infiltration in cervical cancer. Clin. 

Immunol. Immunopathol., 79, 79-84. 

148. Deimann, W., and Fahimi, H. D. (1979) The appearance of transition forms between 

monocytes and Kupffer cells in the liver of rats treated with glucan. A cytochemical 

and ultrastructural study. J. Exper. Med., 149, 883-897. 



 

 306 

149. Ashworth et al. (1963) Differences in information content of ribonucleic acids from 

malignant tissues and homologous organs as expressed by their biological activities. 

Expe. Molec. Pathol., 1, 96-103. 

150. Patchen, M. L., and Lotzova, E. (1980) Modulation of murine hemopoiesis by glucan. 

Expe. Hematol., 8, 409-422. 

151. Arthur, O. T. (2000) Polysaccharide Immunomodulators as Therapeutic Agents: 

Structural Aspects and Biologic Function. Clin. Microb. Rev., 13, 523–533. 

152. Hohl, T. M. (2008) Stage-specific innate immune recognition of Aspergillus 

fumigatus and modulation by echinocandin drugs. Med. Mycol., 1, 1-7. 

153. Niskanen, E. O., Burgaleta, C., and Cline, M. J. (1978) Effect of Glucan, a 

Macrophage Activator, on Murine Hemopoietic Cell Proliferation in Diffusion 

Chambers in Mice. Cancer Res., 38, 1406-1409. 

154. Hohl, T. M., Feldmesser, M., Perlin, D. S., and Pamer, E. G. (2008) Caspofungin 

Modulates Inflammatory Responses to Aspergillus fumigatus through Stage-Specific 

Effects on Fungal beta-Glucan Exposure. J Infect Dis., 33, 401-413. 

155. Kollar, R., Petrakova, E., Ashwell, G., Robbins, P. W., and Cabib, E. (1995) 

Architecture of the yeast cell wall. The linkage between chitin and �(1�3)-glucan. J. 

Biol. Chem., 270, 1170-1178. 

156. Kollar, R., Reinhold, B. B., Petrakova, E., Yeh, H. J., Ashwell, G., and Drgonova, J. 

(1997) Architecture of the yeast cell wall. �-(1�6)-glucan interconnects 

mannoprotein, �-(1�3)-glucan, and chitin. J. Biol. Chem., 272, 17762-17775.  

157. Henrissat, B. (1991) A classification of glycosyl hydrolases based on amino acid 

sequence similarities. Biochem. J., 280, 309-316. 

158. Nishimura, T., Bignon, C., Allouch, J., Czjzek, M., Darbon, H., Watanabe, T., and 

Henrissat, B. (2001) Streptomyces matensis laminaripentaose hydrolase is an 

'inverting' �-1,3-glucanase. FEBS Lett., 499, 187-190. 



 

 307 

159. Warren, R. A. (1996) Microbial hydrolysis of polysaccharides. Annu. Rev. Microbiol., 

50, 183-212.   

160. Stone, B. A., and Clarke, A. E. (1992) Chemistry and Biology of �-1,3-Glucans. 

Melbourne, Australia: La Trobe University Press. 

161. Chothia, C. (1992) One thousand families for the molecular biologist. Nature, 357, 

543-544. 

162. Dan, S., and Marton, I. (1999) Colning, Expression, Characterization, and 

Nucleophile Identification of Family 3, Aspergillus niger �-glucosidase. J. Biol. 

Chem., 275, 4973-4980. 

163. Henrissat, B. (1991) A classification of glycosyl hydrolases based on amino acid 

sequence similarities. Biochem. J., 280, 309-316. 

164. Henrissat, B., and Bairoch, A. (1993) New families in the classification of glycosyl 

hydrolases based on amino acid sequence similarities. Biochem. J., 293, 781-788. 

165. Henrissat, B., and Bairoch, A. (1996) Updating the sequence-based classification of 

glycosyl hydrolases. Biochem. J., 316, 695-696. 

166. Coutinho, P. M., and Henrissat, B. (1999) In: Recent Advances in Carbohydrate 

Bioengineering (Gilbert, H., Davies, G., Henrissat, B. and Svensson, B., Eds.), pp. 

3-12, The Royal Society of Chemistry, Cambridge. 

167. Sinnott, M. L. (1990) Catalytic mechanisms of enzymatic glycosyl transfer. Chem. 

Rev., 90, 1171-1202. 

168. Koshland, D. E. (1953) Stereochemistry and the mechanism of enzymatic reactions. 

Biol. Rev. Camb. Philos. Soc., 28, 416-436. 

169. McCarter, J. D., and Withers, S. G. (1994) Mechanisms of enzymatic glycoside 

hydrolysis. Curr. Opin. Struct. Biol., 4, 885-892. 

170. Davies, G., and Henrissat, B. (1995) Structures and mechanisms of glycosyl 

hydrolases. Structure, 3, 853-859. 



 

 308 

171. Gebler, J., Gilkes, N. R., Claeyssens, M., Wilson, D. B., Be¨guin, P., Wakarchuk, W. 

W., Kilburn, D. G., Miller Jr., R. C., Warren, R. A., and Withers, S.G. (1992) 

Stereoselective hydrolysis catalyzed by related beta-1,4-glucanases and 

beta-1,4-xylanases. J. Biol. Chem., 267, 12559-12561. 

172. Armand, S., Tomita, H., Heyraud, A., Gey, C., Watanabe, T., and Henrissat, B. (1994) 

Stereochemical course of the hydrolysis reaction catalyzed by chitinases Al and D 

from Bacillus circulans WL-12. FEBS Lett., 343, 177-180. 

173. Zechel, D. L., and Withers, S. G. (2000) Glycosidase mechanisms: anatomy of a finely 

tuned catalyst. Acc. Chem. Res., 33, 11-18. 

174. Sinnott, M. L. (1990) Catalytic mechanism of enzymic glycosyl transfer. Chem. Rev., 

90, 1171-1202. 

175. Wang, Q., Graham, R. W., Trimbur, D., Warren, R. A. J., and Withers, S. G. (1994) 

Changing Enzymic Reaction Mechanisms by Mutagenesis: Conversion of a Retaining 

Glucosidase to an Inverting Enzyme. J. Am. Chem. Soc., 116, 11594-11595. 

176. Malet, C., Jimenez-Barbero, J., Bernabe, M., Brosa, C., and Planas, A. (1993) 

Stereochemical course and structure of the products of the enzymic action of 

endo-1,3-1,4-beta-D-glucan 4-glucanohydrolase from Bacillus licheniformis. Biochem. 

J., 296, 753-758. 

177. Barras, F., Bortoli-German, I., Bauzan, M., Rouvier, J., Gey, C., Heyraud, A., and 

Henrissat, B. (1992) Stereochemistry of the hydrolysis reaction catalyzed by 

endoglucanase I from Erwinia chrysanthemi. FEBS Lett., 300, 145-148. 

178. Ishida, T., Fushinobu, S., Kawai, R., Kitaoka, M., Igarashi, K., and Samejima, M. 

(2009) Crystal structure of glycoside hydrolase family 55 beta-1,3-glucanase from the 

basidiomycete Phanerochaete chrysosporium. J. Biol. Chem., 284, 10100-10109. 

179. Laroche1, C., and Michaud, P. (2007) New Developments and Prospective 

Applications for �-1,3-Glucans. Recent Pat. Biotechnol., 1, 59-73. 



 

 309 

180. Kim, B. S.,  Jung, I. D., Kim, J. S., Lee, J. h., Lee, I. Y., and Lee, K. B. (2000) 

Curdlan gels as protein drug delivery vehicles. Biotechnol. Letters, 22, 1127-1130. 

181. Saitô, H., Ohki, T. and Sasaki, T. (1977) A 13C Nuclear Magnetic Resonance Study 

of Gel-Forming (1,3)-ß-D-Glucans. Evidence of the Presence of Single-Helical 

Conformation in a Resilient Gel of a Curdlan-Type Polysaccharide 13140 from 

Alcaligenes faealis var. myxogenes IFO 13140. Biochemistry, 16, 908-914.  

182. Garfinkel, A., Kim, Y. H., Voroshilovsky, O., Qu, Z., Kil, J. R., Lee, M. H., 

Karagueuzian, H. S., Weiss, J. N. and Chen, P. S. (2000) Preventing ventricular 

fibrillation by flattening cardiac restitution. P. Natl. Acad. Sci. USA, 97, 6061–6066. 

183. Moracci, M., Trincone, A., Perugino, G., Ciaramella, M., and Rossi, M. (1998) 

Restoration of the activity of active-site mutants of the hyperthermophilic 

beta-glycosidase from Sulfolobus solfataricus: Dependence of the mechanism on the 

action of external nucleophiles. Biochemistry, 37, 17262-17270.   

184. MacLeod, A. M., Tull, D., Rupitz, K, Warren, R. A. J., and Withers, S.G. (1996) 

Mechanistic consequences of mutation of active site carboxylates in a retaining 

beta-1,4- glycanase from Cellulomonas fini. Biochemistry, 35, 13165-13172  

185. Wang, Q., Trimbur D., Graham, R., Warren, R. A. J., and Withers, S.G. (1995) 

Identification of the acid/base catalyst in Agrobacterium-faecalis beta-glucosidase by 

kinetic-analysis of mutants. Biochemistry, 34, 14554-14562. 

186. Gebler, J. C., Trimbur, D. E., Warren, A. J., Aebersold, R., Namchuk , M., and Withers, 

S. G. (1995) Substrate-induced inactivation of a crippled beta-glucosidase mutant - 

identification of the labeled amino-acid and mutagenic analysis of its role. 

Biochemistry, 34, 14547-14553.  

187. Viladot, J.L., de Ramon, E., Durany, O., Planas, A. (1998) Probing the mechanism of 

Bacillus 1,3-1,4-beta-D-glucan 4-glucanohydrolases by chemical rescue of inactive 

mutants at catalytically essential residues. Biochemistry, 37, 11332-11342.  



 

 310 

188. Zechel, D.L., and Withers, S.G. (2000) Glycosidase mechanisms: Anatomy of a finely 

tuned catalyst. Acc. Chem .Res., 33, 11-18.  

189. Li, Y.-K., Chir, J., and Chen, F. Y. (2001) Catalytic mechanism of a family 3 

�-glucosidase and mutagenesis study on residue Asp247. Biochem. J., 355, 835-840. 

190. O'Donnell, A. H., Yao X., and Byers. L. D. (2004) Solvent isotope effects on 

�-glucosidase. Biochem. Biophys. Acta, 1703, 63-67.   

191. Edge, M. D., Green, A. R., Meacock, P. A., Schuch, W., Newton, C. R.,  and 

Markham, A. F. (1981) Total synthesis of a human leukocyte interferon gene. Nature, 

292, 756-762. 

192. Prodromou, C., and Pearl, L.H. (1992) Recursive PCR: a noval technique for total 

gene synthesis. Protein Eng., 5, 827-829. 

193. (2002)

194. –2005 7 391 22-27

195. Nakabayashi, M., Nishijima, T., Ehara, G., Nikaidou, N., Nishihashi, H., and 

Watanabe, T. (1998) Structure of the gene encoding laminaripentaose-producing 

�-1,3-glucanase (LPHase) of Streptomyces matensis DIC-108. J. Ferment. Bioeng, 85, 

459-464. 

196. Van Duyne, G. D., Standaert, R. F., Karplus, P. A., Schreiber, S. L., and Clardy, J. 

(1993) Atomic structures of the human immunophilin FKBP-12 complexes with 

FK506 and rapamycin. J. Mol. Biol., 229, 105-124.  

197. Ferrer, P. (2006) Revisiting the Cellulosimicrobium cellulans yeast-lytic 

�-1,3-glucanases toolbox: a review. Microb. Cell Fact., 5, 10-15. 

198. DeLano, W. L. The PyMOL Molecular Graphics System. In. San Carlos, CA, USA: 

DeLano Scientific; 2002. 

199. Gouet, P., Courcelle, E., Stuart, D. I., and Metoz, F. (1999) ESPript: analysis of 

multiple sequence alignments in PostScript. Bioinformatics, 15, 305-308. 



 

 311 

200. Kleywegt, G. J., Jones, T. A. (1997) Defecting Folding Motifs and Similarities in 

Protein Structures. Method Enzymol., 277, 525-545. 

201. Niwa, T., Inouye, S., Tsuruoka, T., Koaze, Y., and Niida, T. (1969) J. Agr. Biol. Chem. 

(Tokyo), 34, 966-970. 

202. Reese, E. T., Parrish, F. W., and Ettlinger, M. (1971) Nojirimycin and 

D-Glucono-1,5-Lactone as inhibitors of carbohydrases. Carbohydr. Res., 18, 381-388. 

203. Legler,G., Roeder, K. R, and Illig, H. K., (1979) Europ. J. Biochem., 101, 85-92. 

204. Sahm, H. , and Schimz, K. L. (1984) Effect of N-methyl-1-deoxy-nojirimycin on the 

degradation of cellobiose by Cellulomonas cartalyticum. Appl. Microbiol. Biotechnol., 

20, 54-58. 

205. Horikoshi, K. (1942) J. Biochem. (Tokyo), 35, 39-42. 

206. Legler, G. (1978) Inhibition of �-glucosidases from almonds by cationic and neutral 

�-glucosyl derivatives. Biochem. Biophys. Acta, 524, 94-101. 

207. Shulman, S. S. D., and Khorlin, A. (1976) Biochim. Biophys. Acta, 445, 169-181. 

208. Yariv, J., Wilson, K. J., Hiedelsheim, J. and Blumberg, S. (1971) Labelling of the 

active site of �-galactosidase by N-bromoacetyl �-D-galactopyranosylamine. FEBS 

Lett., 15, 24-26. 

209. Naider, F., Bohak., Z., and Yariv, J. (1972) Reversible alkylation of a me- thionyl 

residue near the active site of �-galactosidase. Biochemistry, 11, 3202-3208. 

210. Sinnott., M. L., and Smith, P. J. (1978) Affinity labelling with a deaminatively 

generated carbonium ion. Kinetics and stoicheiometry of the alkylation of 

methionine-500 of the lacZ beta-galactosidase of Escherichia coli by 

beta-D-galactopyranosylmethyl-p-nitrophenyltriazene. Biochem. J., 175, 525-538. 

211. Santi, D. V., and Marchant, W. (1973) Affinity labeling of isoleucyl-tRNA synthetase 

with N-bromoacetylisoleucyl-tRNA. Biochem. Biophys. Res. Commun., 51, 370-377.  

212. Janda, K. D., Lo, L. C., Lo, C. H. L., Sim, M. M., Wang, R., Wong, C. H. and Lerner, 



 

 312 

R. A. (1997) Chemical Selection for Catalysis in Combinatorial Antibody Libraries 

Science, 275, 945-948. 

213. Shallom, D., Leon, M., Bravman, T., Alon, B. D., Zaide, G., Belakhov, V., and 

Shoham, Y. (2005) Biochemical Characterization and Identification of the Catalytic 

Residues of a Family 43 �-D-Xylosidase from Geobacillus stearothermophilus T-6. 

Biochemistry, 44, 387-397. 

214. Ko, T. P., Day, J., Greenwood, A., and McPherson, A. (1994) Structures of three 

crystal forms of the sweet protein thaumatin. Acta Crystallogr D, 50, 813-825. 

215. Higginbotham, J. D. (1986) In: Alternative Sweeteners. Edited by Nabors LO, Gelardi 

RC. New York: Marcel Dekker, Inc. 

216. Witty, M, and Higginbotham, J. D. (Editors) (1994) In: Thaumatin. CRC Press. 

217. Kirk, R. E., Othmer, D. F. SWEETENERS. In: Encyclopedia of chemical technology. 

New York: John Wiley & Sons, Inc.  

218. Raka, G. A, and Chakrabarti, C. (2008) Crystal structure analysis of NP24-I: a 

thaumatin-like protein. Planta, 228, 883-890. 

219. Horn, S. J., Sikorski, P., Sørlie, M., Vårum K. M., and Vincent, G. H. E. (2006) 

Endo/exo mechanism and processivity of family 18 chitinases produced by Serratia 

marcescens. FEBS J., 273, 491–503. 

220. Umekawa, M., Huang, W., Li, B., Fujita, K., Ashida, H., Wang, L. X., and Yamamoto, 

K. (2008) Mutants of Mucor hiemalis Endo-�-N-acetylglucosaminidase Show 

Enhanced Transglycosylation and Glycosynthase-like Activities. J. Biol. Chem., 283, 

4469-4479. 

221. Blanchard, S., Cottaz, S., Coutinho, P. M., Patkar, S., Vind, J., Boer, H., Koivula, A., 

Driguez, H., and Armanda, S. (2007) Mutation of fungal endoglucanases into 

glycosynthases and characterization of their acceptor substrate specificity. J. Mol. 

Catal. B, 44, 106–116. 



 

 313 

I-

 

pET22b(+)
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II-

           A. pH pNPF  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         B. pH6.8, 37  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

pH nm , � M-1  

3.5 348, 2980 

4.0 348, 3190 

4.5 348, 3130 

5.0 348, 3050 

5.5 348, 3090 

6.0 348, 3280 

6.5 400, 6040 

7.0 400, 10460 

7.5 400, 15400 

Phenol substituent pKa nm , � M-1  

2,4-dinitro 3.96 400, 10910 

2,5-dinitro 5.15 440, 4288 

3,4-dinitro 5.36 400, 11009 

2,4,6-trichloro 6.39 312, 2736 

4-chloro-2-nitro 6.45 425, 3546 

4-nitro 7.18 400, 7280 

2-nitro 7.22 400, 2170 

3,5-dichloro 8.19 280, 732 

3-nitro 8.39 380, 385 

4-cyano 8.49 270, 3101 

4-bromo 9.34 288, 680 

4-chloro 9.38 278, 580 

2-naphthyl 9.51 325, 816 

H 9.99 277, 228 

4-tert-butyl 10.39 272, 725 
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III-

�-L- (Fuc-1)

signal peptide
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IV-

OD562
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V

-�-L-
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 VI- NMR  
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VII-

CLUSTAL W (1.81) multiple sequence alignment of Thermotoga_maritima  

Homo_sapiens (Human) Sulfolobus_solfataricus 

* single, fully conserved residue      : conservation of strong groups 
. conservation of weak groups        - no consensus 

nucleophile 
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VIII-
 

L-Fucose 1-Methyl-�-L-Fucose h-Fuc

      (1) 

 

L-Fucose h-Fuc

 
 

      (2) 

 

1-Methyl-�-L-Fucose h-Fuc
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IX- 

(1H-NMR) LPHase

 
LPHase laminarin 1H-NMR A:

B~F: 6min 12min 30min 150min
72h �-form �-1,3-

mutarotation �-form �-1,3-
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X- 

CLUSTAL W (1.81) multiple sequence alignment of Cellulosimicrobium cellulans (

Oerskovia  xanthineolytica) Arthrobacter sp. YCWD3 and S. matensis DIC108 

 
( C I  (Lectin-like domain) ) 

* single, fully conserved residue      : conservation of strong groups 

. conservation of weak groups        - no consensus 
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XI- 
 

 

(A) yT&A

 

(B) pRSET_A
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XII- 
 

�-1,3-

signal peptide
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XIII- 

�-1,3- Streptomyces matensis DIC-108

( * )
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XIV- 

p-nitrophenyl-�-1,3-Laminaripentaose (p-NLPG ) 
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XV- 

�-1,3-

 
Enzymes Initial velocity 

(OD/sec) 
Specific Activity 

(OD/sec. mg) 
Relative Activity 

(%) 
Wild-Type 0.0001194 5.40227E-05 100 

D93G 

R115K 

R115Q 

D143G 

0.0000951 
0.0000011 
0.0000979
0.0000992 

5.0025E-05 
3.2825E-07 
4.90526E-05
4.95929E-05

92.6 

0.6 

90.8 

91.8 

D143N 0.0000987 5.03492E-05 93.2 

E154G 0.0000004 1.62068E-07 0.3 

E154Q 0.0000005 2.70114E-07 0.5 

E154D 0.0000175 8.53559E-06 15.8 

D159G 0.0001024 5.09434E-05 94.3 

D159N 0.0000939 5.02411E-05 93 

D170G 0.0000008 3.78159E-07 0.7 

D170N 0.0000012 5.9425E-07 1.1 

D170E 

D184G 

D184N 

0.0000825 
0.0000980 
0.0001005 

4.34343E-05
5.13216E-05
5.02411E-05

80.4 

95 

93 

D221G 0.0000992 4.93227E-05 91.3 

D221N 

D376G 

D377G 

0.0000924 
0.0000903 
0.0000865 

4.97009E-05
5.01871E-05
4.57572E-05

92 

92.9 

84.7 

* 50 mM pH 7.1 40 °C 400 nm
p-NLPG (5 mM)  
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XVI-
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XVII-
64 (Glycoside Hydrolase Family 64 / GH-64 family)

GenPept       Protein                                             Organism                            Length      Identity 

Bacteria 

BAA34349.1  laminaripentaose-producing �-1,3-glucanase (LPHase)        Streptomyces matensis DIC108          401 aa       100 % 

CAC16439.1  putative secreted sugar hydrolase                         Streptomyces coelicolor A3(2)            398 aa       76.3 % 

NP_631602.1  secreted sugar hydrolase                                Streptomyces coelicolor A3(2)            398 aa       76.3 % 

CAJ89566.1   putative secreted sugar hydrolase                        Streptomyces ambofaciens ATCC 23877   398 aa       75.6 % 

BAC68763.1  putative sugar hydrolase                                Streptomyces avermitilis MA-4680        399 aa       74.8 % 

NP_822228.1  sugar hydrolase                                       Streptomyces avermitilis MA-4680        399 aa       74.8 % 

CAC16456.1  putative secreted hydrolase                             Streptomyces coelicolor A3(2)            397 aa        64.3 % 

NP_631619.1  secreted hydrolase                                    Streptomyces coelicolor A3(2)            397 aa        64.3 % 

BAA04892.1  �-1,3-glucanase                                        Arthrobacter sp. YCWD3              548 aa        41.5 % 

AAA25520.1  �-1,3-glucanase                                        Cellulosimicrobium cellulans           548 aa        41.5 % 

CAJ60367.1   putative glycosyl hydrolase                             Frankia alni ACN14a                  386 aa        38.8 % 

CAB69688.1  putative glycosyl hydrolase (putative secreted protein)       Streptomyces coelicolor A3(2)           400 aa        38.3 % 

NP_625021.1  glycosyl hydrolase (secreted protein)                     Streptomyces coelicolor A3(2)            400 aa       38.3 % 

CAJ88474.1   putative glycosyl hydrolase (putative secreted protein)      Streptomyces ambofaciens ATCC 23877    404 aa      37.4 % 

BAC68677.1  putative glycosyl hydrolase                             Streptomyces avermitilis MA-4680         402 aa       37.0 % 

NP_822142.1  glycosyl hydrolase                                   Streptomyces avermitilis MA-4680          402 aa       37.0 % 

CAM01376.1  glycosyl hydrolase (secreted protein)                    Saccharopolyspora erythraea NRRL 2338   391 aa       35.1 % 

AAT77161.1  glucanase B                                         Lysobacter enzymogenes                  395 aa       32.9 % 

ABL63814.1  �-1,3-glucanase                                      Lysobacter enzymogenes                  395 aa       32.9 % 

AAN77504.1  �-1,3-glucanase B                                    Lysobacter enzymogenes                  395 aa       32.5 % 

ABJ87314.1   hypothetical protein Acid_6388                         Solibacter usitatus Ellin6076              424 aa      26.7 % 

ABM15513.1  hypothetical protein Mvan_4739                        Mycobacterium vanbaalenii PYR-1        791 aa       16.5 % 

ABQ07184.1  Carbohydrate binding family 6                          Flavobacterium johnsoniae UW101        884 aa      13.5 % 

Eukaryota 

EAA48717.1   hypothetical protein MG00375.4                         Magnaporthe grisea 70-15               385 aa       31.5 % 

XP_368869.1   hypothetical protein MG00375.4                        Magnaporthe grisea 70-15               385 aa       31.5 % 

EAA27909.1   hypothetical protein                                    Neurospora crassa                    521 aa       26.3 % 

XP_326360.1   hypothetical protein                                   Neurospora crassa OR74A             521 aa        26.3 % 

CAD21311.1   related to Laminaripentaose-producing �-1,3-glucanase     Neurospora crassa                    537 aa        23.5 % 

EAA32456.1   hypothetical protein                                   Neurospora crassa                    537 aa        23.5 % 

XP_326573.1   hypothetical protein                                  Neurospora crassa OR74A              537 aa        23.5 % 

( CAZy database http://www.cazy.org/fam/GH64.html) 


