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?$#3*7'*% C%67'1 3)# +1/ .µ")'+%'&/1 +%98 #66G *#) +%/ #.7µ/1'+% L7*% >)*%/%µG*% 1 
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#"%+.6.7 *61$%/%µ)G 3)# +)8 /I.8 3./)I8 .")'+1µ;/H/.  
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#9+G +# 5$;/)# µ. '+,$)N#/ "/.9µ#+)*G *#) O95)*G, 0I+%/+#8 "#$G6616# +)8 "$%P"%0I'.)8 
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#010+#"9" &.=)%" <)#$)$ 0.0+)3#%,= 0)>%"*<.$). !" <)?+µ" /$+ 7+µ;-11$+) 7#3) 

"/$%,$>=µ373 #3: *+#%,6: ;%$µ-?": /".$+7%-?$+) µ05-1$ 0)>%"*<.$) 1=5( #3: 0*".µ$56: 

#$+: 70 /134'." >%0.5"7%') =/(: 09)"% 3 ;%$µ3&")9" &-.#$+, 3 ".#$/$%9", 3 +*")#$+.59", 

3 /"."5(56 ?((#.$*') ,"% "/$..+/")#%,') ,"% 3 /"."5(56 ;%$"%4")=13: >02#0.3: 

50)%-:, &.37%µ$/$%')#": (: /.'#3 213 ,+##".%)$2&" *+#-, "5.$#%,- 6 >"7%,- 

/"."/.$@=)#" 6 ",=µ" ,"% "/$..9µ"#". A%>%,=#0.", $% 0.0+)3#%,<: /.$7/-40%0: #() 

#010+#"9() 0#') <&$+) 7#."*09 7#3 µ09(73 #$+ 0)?+µ%,$2 *$.#9$+ ,"% ,"#- 7+)</0%" #$+ 

,=7#$+: /$+ "/"%#09#"% 5%" #3 µ0#"#.$/6 #3: ;%$µ-?": 70 ?+µ'7%µ" 7-,&"." '7#0 )" 09)"% 

0*%,#6 ,"% 7+µ*<.$+7" 3 /"."5(56 ;%$"%4")=13: 70 ;%$µ3&")%,= 0/9/0>$.  

B,$/=: #3: /".$27": >%>",#$.%,6: >%"#.%;6: 6#") 3 µ01<#3 ;%$,"#"1+#') /$+ 

0µ/1<,$)#"% 7#3) "/$%,$>=µ373 #3: *+#%,6: ;%$µ-?": µ0 #3 ;$640%" 0.5"109() µ$.%",6: 

,"% >$µ%,6: ;%$1$59":. C%$ 7+5,0,.%µ<)", &".",#3.97#3,") ;%$&3µ%,- >2$ /.(#0D)0: #3: 

$%,$5<)0%": 61 #3: ;-73: >0>$µ<)() CAZy (Carbohydrate-Active enZYmes Database) ,"% 

µ010#643,") ,.+7#"11$5."*%,- >2$ <)?+µ" 3 >.-73 #() $/$9() 6#") 6>3 5)(7#6, µ9" 

8+1")-73 ,"% µ9" 07#0.-73 #$+ *0.$+1%,$2 $8<$:.  

 E.&%,- 59)0#"% µ9" ")"7,=/373 #3: 727#"73: #$+ *+#%,$2 ,+##".%,$2 #$%&'µ"#$: 

,"% #() 0)?2µ() /$+ 7+µ;-11$+) 7#3) "/$%,$>=µ376 #$+. !" <)?+µ" "+#- <&$+) 

,"#35$.%$/$%3409 70 $%,$5<)0%0: ")-1$5" µ0 #3) "µ%)$8%,6 #$+: "1131$+&9". E)"12$)#"% 

0%>%,=#0." $% %>%=#3#0: ,"% #" &".",#3.%7#%,- #() 0)?2µ() /$+ ")6,$+) 7#%: $%,$5<)0%0: 

#() 51+,$?%>%,') +>.$1"7') 61 ,"% 10 #3: CAZy ,"% /$+ µ010#643,") 7#o /1"97%o #3: 

/".$27": 0.5"79":. C".$+7%-?0#"% 0/973: 3 µ<4$>$: #3: ,.+7#"11$5."*9": ",#9)() F (: 

0.5"109$ 5%" #3 >$µ%,6 µ01<#3 #() µ",.$µ$.9().  

G% /.(#0D)0: #3: $%,$50)09": 61 /$+ µ010#643,") /.$<.&$)#") "/= #$+: µ2,3#0: 

Fusarium oxysporum (FoCel61) ,"% Sporotrichum thermophile (StCel61). H1()$/$%643,") 

,"% 0,*.-7#3,") µ<7( #3: µ04+1=#.$*3: ?2µ3: Pichia pastoris ,"% &".",#3.97#3,") (: 

/.$: #3) %,")=#3#- #$+: )" +>.$12$+) µ9" /$%,%19" 7",&".$2&() +/$7#.(µ-#(). 

A80#-7#3,0 0/973: 3 7+µ;$16 #$+: 7#3) "/$%,$>=µ373 #3: *+#%,6: ;%$µ-?": /".$+79" 

#() ,1"7%,') ,+##".%)"7') ,"% 7+7&0#97#3,0 3 /"."#3.$2µ0)3 7+)0.5%7#%,6 >.-73 µ0 #3 
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'$ $.87'+.' #+ 9$4µ5 µ-#$#)+,:; #&' /*<'*'+0.##$)*'+"(&' .,+!#)&µ7#&' 5#$' 

!.'=.76+'#$* µ- #$ <'&!#7 .=)+/.#*07 3'6.µ$ ,+. ()%!*µ+,+*+"'#$* -.)3&; !#*; 
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.,+!#)1µ$#+; !- /*<'>'%.  
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8./$'7!%; #%; +*0+<3'-*$; 10 (FoXyn10a) 0$* µ>$; -!#-)7!%; #+. @-)+./*0+" +83+; #",+. 

C (FoFaeC) ,)$<µ$#+,+*:4%0- µ- 0).!#$//+<)$@>$ $0#>'&' A. B)"!#$//+* #&' ="+ 

-'6"µ&' µ- *0$'5#%#$ ,-)>4/$!%; #&' $0#>'&' A $'$,#"(4%0$' !- µ>$ ,+*0*/>$ !.'4%01'. 

C*$ #+' ,)+!=*+)*!µ5 #%; =+µ:; #%; FoXyn10a -@$)µ5!#%0- % #-('*0: #%; µ+)*$0:; 

$'#*0$#7!#$!%; ()%!*µ+,+*1'#$; &; $)(*05 µ+'#3/+ #% =+µ: µ>$; +µ5/+<%; 8./$'7!%; 

$,5 #+ Cellumonas fimi. ? 0$*'+")*$ =+µ: $'3=-*8- 5#* % FoXyn10a .*+4-#-> #% 

=*$µ5)@&!% (9/$)8 barrel, µ>$ $'$=>,/&!% 0+*': !- 5/$ #$ µ3/% #%; +*0+<3'-*$; 10, $//7 

0$* #%' ,$)+.!>$ -'5; 0$*'+")*+. 9)5(+. 0+'#7 !#%' ->!+=+ #+. -'-)<+" 0-'#)+" µ- 

,*4$'5 /-*#+.)<*05 )5/+.  
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Abstract 

!
Plant cell walls are the most abundant source of organic carbon on the planet and 

their exploitation in biotechnological applications has attracted significant research interest. 

The enzymes implicated in plant biomass degradation are employed in a variety of industrial 

processes, ranging from paper, bread-making, textile, animal feed and detergent industry to 

the production of second generation bioethanol from cellulosic plants, agricultural and 

forestry byproducts or waste. Recent research efforts have focused on the reduction of 

protein loading required for the breakdown of lignocellulose to fermentable sugars, as the 

enzymic cost is currently the main obstacle of bioethanol production at industrial scale. The 

aim of the present PhD thesis was the biochemical and structural study of biocatalysts 

implicated in plant cell wall degradation. Two enzymes that belong to family glycoside 

hydrolase (GH) family 61 of CAZy (Carbohydrate-Active enZYmes) database were 

characterized biochemically while structural studies were carried out on a xylanase and a 

feruloyl esterase. 

In the first part of the thesis, the plant cell wall composition as well as the enzymes 

involved in its degradation are described. The latter have been divided into different families 

based on their amino acid sequence. The properties and characteristics of enzymes that 

belong to the GH families 61 and 10 of CAZy database are presented in more detail. The 

basic principles of X-ray crystallography, employed for the structural study of 

macromolecules, are also outlined. 

FoCel61, a Fusarium oxysporum GH61 and StCel61, a Sporotrichum thermophile 

GH61 were cloned and heterologously expressed in the methylotrophic yeast Pichia pastoris. 

Their ability to hydrolyze a variety of polysaccharide substrates was subsequently 

investigated. Synergism experiments were performed by combining these enzymes with 

common cellulases and the resulting findings were correlated to the composition of the 

hydrolyzed material. It was found that both enzymes had the ability to increase the degree of 

lignocellulose conversion when combined with other cellulases and that this enhancing effect 

was dependent on the lignin content of the substrate. 

The structural characterization of two hemicellulases derived from F. oxysporum, a 

GH10 xylanase (FoXyn10a) and a type C feruloyl esterase (FoFaeC) was performed by X-

ray crystallography.  Diffracting crystals of both enzymes were grown  under a variety of 



!"!

conditions. The structure of FoXyn10a was solved by molecular replacement using an 

homologous Cellumonas fimi xylanase as a starting model.  FoXyn10a folds in the classical 

(!/")8 barrel (TIM barrel) while the most striking difference observed, upon comparison 

with related GH10 structures, is the presence of an elongated loop above the catalytic cleft 

with possible functional role.  
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!"#$µ%&'() 
 

3N : 38>(65: NE>8) 

-.I. : -"Hµ(&$(5: I(EA"µ6 

PO! : P9>8H'>µ(5E 56$'>B6&µC#8 V?">8 !G$8" 

BMGY : Buffered Glycerol-complex Medium 

BMMG  Buffered Methanol-complex Medium 

CAZy : Carbohydrate-Active enZYmes Database  

CBM : Carbohydrate Binding Module, /8µC6) L>:&9'&;) L8A"&65?6>G$; 

CE : Carbohydrate Esterases, +&$'>E&') L8A"&65?6>($@# 

CMC : CarboxyMethylCellulose, 56>D8J"-µ'H"A85"$$6>G#;  

CDH : Cellobiose Dehydrogenase 

Dha : 3-deoxy-D-lyxo-2-heptulosaric acid, 3-9'8J"-D-lyxo-2-
'7$8">8&6>(5: 8J= 

DNS : 3,5-DiNitroSalicylic acid, 3,5-9(#($>8&6A(5"A(5: 8J= 

DPPH : 2,2-DiPhenyl-1-PicrylHydrazyl, 2,2-9(<6(#"A8-1-7(5>"A8-"9>64=A(8   

EDTA : EthyleneDiamineTetraAcetic acid, 6(H"A'#8-9(6µ(#8-$'$>68J(5: 8J= 

EMBL : European Molecular Biology Laboratory 

EPR : Electronic Paramagnetic Resonance, .A'5$>8#(5:) L6>6µ6B#;$(5:) 
!"#$8#(&µ:) 

GalA : Galacturonic Acid, B6A65$8">8#(5: 8J= 

GH : Glycoside Hydrolase, WA"584(9(5% P9>8AE&; 

IEF : IsoElectric Focusing, .A'5$>8<:>;&; 0&8;A'5$>(5%) +&$G6&;) 

ILTC : Ionic Liquid Treated Cellulose, 5"$$6>G#; 78" C?'( "78&$'G 
56$'>B6&G6 µ' (8#$(5: "B>:  

ITC : Isothermal Titration Calorimetry, *'>µ(98µ'$>G6 0&:H'>µ;) 
/($A89:$;&;) 

MES : 2-(N-morpholino)ethanesulfonic acid, 2-(!-
µ8><8A(#8)6(H6#8&8"A<8#(5: 8J= 

NDSB-201 : 3-(1-pyridino)-1-propane sulfonate, 3-(1-7">(9(#8)-1-7>876#8 
&8"A<8#(5: 8J= 
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NMR : Nuclear Magnetic Resonance, L">;#(5:) 36B#;$(5:) !"#$8#(&µ:) 

OD600 : 2ptical Density, 87$(5% 7"5#:$;$6 &$6 600 nm 

PASC : Phosphoric Acid Swollen Cellulose, 5"$$6>G#; 9(8B5FµC#; µ'$E 67: 
56$'>B6&G6 µ' <F&<8>(5: 8J=  

PCR : Polymerase Chain Reaction, OA"&F$% O#$G9>6&; L8A"µ'>E&;) 

PDB : Protein Data Bank, L>F$'M#(5% DE&; 9'98µC#F#  

PEG : PolyEthyleneGlycol, 78A"6(H"A'#8BA"5:A; 

pI : Isoelectric Point, (&8;A'5$>(5: &;µ'G8 

PL : Polysaccharide Lyases, X"E&') L8A"&65?6>($@# 
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TCEP : Tris (2-CarboxyEthyl)Phosphine, $>() (2-56>D8J"6(H"A8)<F&<G#;  

Tris : /ris(hydroxymethyl)aminomethane, $>()("9>8J"Y'H"A8)-6Y(#8-
Y'HE#(8 

YNB : Yeast Nitrogen Base, 64F$8=?8) DE&; 4=µ;) 

YPD(S) : Yeast extract, Peptone, dextrose, (Sorbitol), '5?=A(&µ6 4=µ;), 
7'7$:#;, 9'J$>:4;, (&8>D($:A;)  

SDS : Sodium Dodecyl Sulphate, 9F9'5"A8&8"A<8#(5: #E$>(8 

 

 



! (!

 1. *+,-./012 3+-2! 

1.1 . '#4"µ(5% 678(589:µ;&; $8" <"$(58= 5"$$6>(58= $8(?@µ6$8) 

. '#4"µ(5% 678(589:µ;&; $8" <"$(58= 5"$$6>(58= $8(?@µ6$8), A:BF $;) 

&=#H'$;) <=&;) $8" 56( $;) 7'>G7A85;) 98µ%) $8", 676($'G $; &"#'>B(&$(5% 9>E&; 

'#:) µ'BEA8" 6>(Hµ8= D(856$6A"$@# 78" 9(6<C>8"# F) 7>8) $;# 'J'(9G5'"&; 56( $8 

µ;?6#(&µ: 9>E&;) $8"). /6 C#4"µ6 78" 9(6&78=#, $>87878(8=# % &?;µ6$G48"# 

BA"584(9(58=) 9'&µ8=) C?8"# 56$;B8>(878(;H'G µ' DE&; $;# 6µ(#8J(5% $8") 

6AA;A8"?G6 &' µG6 9(6>5@) 6#67$"&&:µ'#; DE&; 9'98µC#F#, $;# CAZy 

(Carbohydrate-Active enZYmes Database, http://www.cazy.org/) (Cantarel, Coutinho 

et al. 2009). . CAZy &%µ'>6 9(6HC$'( 128 8(58BC#'(') BA"584(9(5@# "9>8A6&@# 

(Glycoside Hydrolases, GHs), 94 BA"584"A-$>6#&<'>6&@# (GlycosylTransferases, 

GTs), 22 A"6&@# (Polysaccharide Lyases, PLs) 56( 16 '&$'>6&@# $F# 

78A"&65?6>($@# (Carbohydrate Esterases, CEs) 56( 64 8(58BC#'(') 7>F$'M#@# 

7>:&9'&;) &' "96$E#H>65') (CBMs). 3:#8 $8 3% $F# '#4=µF# 78" 6#%58"# &$;# 

CAZy C?8"# ?6>65$;>(&$'G D(8?;µ(5E '#@ ; $>(&9(E&$6$; 98µ% µ:A() $8" 0.3% 

6"$@# C?'( 7>8&9(8>(&H'G (Gilbert 2010). /6 76>67E#F 78&8&$E  6#69'(5#=8"# $;# 

$'>E&$(6 7>8&7EH'(6  78" 7>C7'( #6 56$6DA;H'G 65:µ6 7>85'(µC#8" #6 9(6A'"56#H'G 

7A%>F) 8 µ;?6#(&µ:) '#4"µ(5%) 678(589:µ;&;) $8" <"$(58= 5"$$6>(58= 

$8(?@µ6$8). 

  

1.1.1 !=&$6&;, (9(:$;$') 56( 98µ% $8" <"$(58= 5"$$6>(58= $8(?@µ6$8) 

/6 $'A'"$6G6 ?>:#(6 BG#8#$6( 7>8&7EH'(') B(6 $;# 6J(878G;&; $;) <"$(5%) 

D(8µE46) F) 7>@$;) =A;) B(6 $;# 76>6BFB% D(856"&GµF# µ' &587: $; µ'>(5% 

6#$(56$E&$6&; $8" 7'$>'A6G8" 67: $;# 6#6#'@&(µ; 6"$% 7;B% '#C>B'(6). . 

9(69(56&G6 $;) 76>6BFB%) D(86(H6#:A;) 7'>(A6µDE#'( $;# 678(589:µ;&; $F# 

78A"&65?6>($@# $8" <"$(58= 5"$$6>(58= $8(?@µ6$8) &' µ8#8&65?6>G$') 56( '# 

&"#'?'G6 $; µ'$6$>87% $8") µC&F 4=µF&;) &' 6(H6#:A;. T#6 67: $6 D6&(5:$'>6 

7>8DA%µ6$6 56$E $;# 76>6BFB% D(856"&GµF# &' µ'BEA; 5AGµ656 'G#6( $8 "S;A: 

5:&$8) $8" 676($8=µ'#8" '#4"µ(58= <8>$G8" 78" 8<'GA'$6( &$() 'J6(>'$(5E 

6#H'5$(5C) &$;# 678(589:µ;&; 98µC) $F# <"$(5@# $8(?FµE$F#. /8 $>C?8# 5:&$8) 

$F# 5"$$6>(#6&@# "78A8BG4'$6( &' 0.03 µ' 0.08 Z 6#E  L 76>6B8µC#;) 6(H6#:A;). 



!)!

3'AA8#$(5:) &$:?8) 'G#6( ; µ'GF&; 56$E 10 <8>C) $8" 5:&$8") $F# 5"$$6>(#6&@#. 

W(6 76>E9'(Bµ6, 676($'G$6( '#4"µ(5: <8>$G8 7'>G78" 25 mg µ"5;$(65%) 

5"$$6>(#E&;) B(6 $;# "9>:A"&; 1g 7>856$'>B6&µC#;) 5"$$6>G#;) '#@ ; 98&8A8BG6 

B(6 $;# "9>:A"&; 6#$G&$8(?F# 78&@# 6µ=A8" 678 6µ"AE&') 'G#6( 100 <8>C) 

µ(5>:$'>;. 2 &$:?8) 'G#6( 8( 5"$$6>(#E&') #6 D'A$(FH8=# 56$6A"$(5E @&$' #6 

"9>8A=8"# $;# G9(6 78&:$;$6 5"$$6>G#;) ?>;&(µ878(@#$6)  $8 1/10 $8" '#4"µ(58= 

<8>$G8". 

/8 5"$$6>(5: $8G?Fµ6 678$'A'G D6&(5: 98µ(5: 56( A'($8">B(5: &$8(?'G8 $F# 

<"$(5@# 5"$$E>F#. +7;>'E4'( C#6 µ'BEA8 6>(Hµ: A'($8">B(@# :7F) $; 9(6µ:><F&; 

$8" &?%µ6$8) $F# 5"$$E>F# 78" 98µ8=# $8") <"$(58=) (&$8=) 56( :>B6#6, $;# Eµ"#6 

67C#6#$( &' 76H8B:#8") µ(5>88>B6#(&µ8=), $; 9(65"$$6>(5% '7(58(#F#G6 56( $;# 

678H%5'"&; H>'7$(5@# 8"&(@# (Brett 1990). I=8 B'($8#(5E #'6>E <"$(5E 5=$$6>6 

9;µ(8">B8=# 7>@$6 A'7$E 56( &?'$(5E '"A=B(&$6 $8(?@µ6$6, $6 7>F$8B'#% 

5"$$6>(5E $8(?@µ6$6 78" 678$'A8=#$6( 67: 5"$$6>G#; 56( ;µ(5"$$6>G#;. T#6) EAA8) 

78A"&65?6>G$;), ; 7;5$G#;, F) 58AA@9;) 8"&G6, &"B58AAE 56( &"B5>6$'G $6 

B'($8#(5E 5=$$6>6 &$; HC&; $8"). 2>(&µC#6, :µF), 5=$$6>6 9;µ(8">B8=# C#6 

9'"$'>8B'#C) 5"$$6>(5: $8G?Fµ6 78" 678$'A'G$6( 67: A(B#G#;, µ'$6J= $;) 5"$$6>(5%) 

µ'µD>E#;) 56( $8" 7>F$8B'#8=) $8(?@µ6$8), 78" (&?">878('G '7(7>:&H'$6 $; 

µ;?6#(5% "78&$%>(J; $8" <"$8= (+(5:#6 1.1). 3'$E $; #C5>F&; $F# 7(8 7E#F 

5"$$E>F# 9;µ(8">B'G$6( 8 J"A@9;) 58>µ:) $F# 9C#9>F#.  

 

+(5:#6 1.1 . 98µ% $F# <"$(5@# 5"$$E>F#.  



! *!

!$;# 7>EJ;, F&$:&8, $8 <"$(5: 5"$$6>(5: $8G?Fµ6 9(6<8>878('G$6( 6#EA8B6 

µ' $8 'G98) $8" <"$8= 56H@) 56( $;# 7>8CA'"&; 56( $;# ;A(5G6 $8" (&$8=, µ' $>:78 

@&$' #6 µ;# 'G#6( 9"#6$% µG6 B'#(5% 7'>(B>6<% $;) &=&$6&;) 56( $;) 98µ%) $8" 

(Keegstra 2010). !$;# +(5:#6 1.2 76>8"&(E48#$6( $6 '7(µC>8") &"&$6$(5E 56( ; 

9(E$6J% $8") &$8 9'"$'>8B'#C) $8G?Fµ6 5"$$E>F# ?:>$8" :7F) 678$"7@H;56# 67: 

$8# Bidlack 56( $8") &"#'>BE$') $8" (Bidlack 1992). 

 

+(5:#6 1.2 !?;µ6$(5% 6#676>E&$6&; $8" 9'"$'>8B'#8=) 5"$$6>(58= $8(?@µ6$8) 
?:>$8" (Bidlack 1992). 2( G#') 5"$$6>G#;) 56( 8( 6A"&G9') $;) ;µ(5"$$6>G#;) 'G#6( 
D"H(&µC#') &$8 &$>@µ6 $;) A(B#G#;).  

/6 D6&(5E D(878A"µ'>% 78" 676#$@#$6( &$6 <"$(5E 5"$$6>(5E $8(?@µ6$6 'G#6( 

8( 78A"&65?6>G$') 5"$$$6>G#;, ;µ(5"$$6>G#; 56( 7;5$G#; 56H@) 56( $8 '$'>8B'#C) 

6>Fµ6$(5: 78A"µ'>C) A(B#G#;.  

. 5"$$6>G#; 678$'A'G $8 &;µ6#$(5:$'>8 &"&$6$(5: $F# 78A"&65?6>($@# $F# 

5"$$6>(5@# $8(?FµE$F# 56( 8#8µE&$;5' C$&( 67: $8# Anselme Payen (198) 6(@#6)) 

78" $8# :>(&' &6# $8# 78A"&65?6>G$; 78" 678$'A8=&' &$8(?'(@9; 56( 8µ8(:µ8><8 

&"&$6$(5: :AF# $F# <"$(5@# 5"$$E>F# 56( C$&( $8# 8#:µ6&' cellulose (cell = 
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5=$$6>8). O78$'A'G$6( 67: C#6 B>6µµ(5: 78A"µ'>C) µ8#E9F# D-BA"5:4;), 

&"#9'9'µC#F# µ'$6J= $8") µ' D-1,4 BA"584($(5: 9'&µ:. X:BF $8" 9'&µ8= 6"$8=, 8 

9(&65?6>G$;) 5'AA8D(:4; 678$'A'G $;# '76#6A6µD:µ'#; 98µ(5% µ8#E96 $;) 6A"&G96) 

$;) 5"$$6>G#;). 2 D6Hµ:) 78A"µ'>(&µ8= $;) 5"$$6>G#;) C?'( C#6 '=>8) 67: 7000 CF) 

15000 µ8#E9') BA"5:4;).  

/6 78A"µ'>% 5"$$6>G#;) 76>8"&(E48#$6( F) 9(6$'$6BµC#') 98µC) (µ(5>8M#G9(6) 

56( ; 5=>(6 A'($8">BG6 $8") 'G#6( #6 'J6&<6AG&8"# $;# 656µSG6 $8" 5"$$6>(58= 

$8(?@µ6$8) $F# <"$@#. /6 µ(5>8M#G9(6 C?8"# 9(Eµ'$>8 2-20 nm 56( µ%58) 100 - 

40000 nm 56( $8 56HC#6 7'>(C?'( µC?>( 36 6A"&G9') 5"$$6>G#;). I'&µ8G "9>8B:#8" 

µ'$6J= µ8>GF# BA"5:4;) $;) G9(6) 6A"&G96) 6AAE 56( µ'$6J= B'($8#(5@# 6A"&G9F# 

5"$$6>G#;) 9('"H'$8=# $() 6A"&G9') $;) 5"$$6>G#;) &' 76>EAA;A; '7G7'9; 9(E$6J; 

7>856A@#$6) $6"$:?>8#6 $8 &?;µ6$(&µ: "9>8B8#(5@# 9'&µ@# µ'$6J= $F# 

76>EAA;AF# '7(7C9F# 5"$$6>G#;) (+(5:#6 1.3). 3' $8# $>:78 6"$: 9;µ(8">B8=#$6( 

C$&( &"µ76B'G) 56( 9=&58A6 678(5898µ%&(µ'), 5>"&$6AA(5C) 7'>(8?C). T#6 µC>8) $;) 

5"$$6>G#;) 'G#6( Eµ8><8 56( 76>'µDEAA'$6( µ'$6J= $F# 5>"&$6AA(5@# 7'>(8?@#. 

 

 

+(5:#6 1.3 I'&µ8G "9>8B:#8" 78" 676#$@#$6( &$;# 5"$$6>G#;.  
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2( «>ED98(» 5"$$6>G#;) 'G#6( D"H(&µC#') &' C#6 &$>@µ6 µ; 5"$$6>(#8=?F# 

78A"&65?6>($@# 78" 76>8"&(E48"# "S;A% 98µ(5% 78A"7A85:$;$6 56( ?;µ(5% 

'$'>8BC#'(6. QA8( 8( ;µ(5"$$6>(#8=?8( 78A"&65?6>G$') 9(6HC$8"# C#6 &5'A'$: 

&65?E>F# '#FµC#F# µ' D-BA"584($(58=) 9'&µ8=). !$() J"AE#'), $() µ6##E#') 56( $() 

J"A8BA8"5E#') 8( 6#$G&$8(?') 98µ(5C) µ8#E9') 'G#6( D-1,4-D-J"A:4;, D-1,4-D-

µ6##:4; 56( D-1,4-D-BA"5:4; '#@ &$; BA"58µ6##E#; 8 &65?6>(5:) &5'A'$:) 

98µ'G$6( 67: $"?6G6 '#6AA6&&:µ'#') µ8#E9') D-1,4-µ6##:4;) 56( D-1,4-BA"5:4;). 2( 

&5'A'$8G $F# ;µ(5"$$6>(#8=?F# 78A"&65?6>($@# 'G#6( "7856$'&$;µC#8( µ' µG6 

78(5(AG6 &65?E>F# 56( 8J(5@# 8µE9F#, B'B8#:) 78" 'J;B'G $; µ; 5>"&$6AA(5% <=&; 

$;) ;µ(5"$$6>G#;). !$;# J"AE#; 8 &5'A'$:) µ8#E9F# J"A:4;) 'G#6( «9(658&µ;µC#8)» 

µ' µG6 µ'BEA; 78(5(AG6 9(65A69@&'F# :7F) $8 4-"-µ'H"A-D-BA"58">8#(5: 8J=, D-

BA"58">8#(5: 8J=, L-6>6D(#8<8">6#:4; 56( 65'$"A8-8µE9'), 6#EA8B6 µ' $;# 

7>8CA'"&; $;) J"AE#;). 2( µ8#E9') 6>6D(#:4;) 78AAC) <8>C) 'G#6( '&$'>878(;µC#') 

µ' <'>8"A(5: 8J= $8 878G8 µ78>'G #6 678$'AC&'( &=#9'&µ8 µ'$6J= $F# 6A"&G9F# 

J"AE#;) 6AAE 56( µ' $;# 7;5$G#; % $; A(B#G#;. !$() J"A8BA8"5E#') 8( µ8#E9') 

BA"5:4;) 'G#6( "7856$'&$;µC#') µ' µ:>(6 J"A:4;) µC&F 6(1!6) 9'&µ8= $6 878G6 µ' 

$; &'(>E $8") '#9C?'$6( #6 <C>8"# µ:>(6 B6A65$:4;) % <8"5:4;). 2( µ6##E#') 

<C>8"# 6(1!6) µ:>(6 B6A65$:4;) 56( 2-2/2-3 65'$"A8µE9') &$() µ8#E9') 

µ6###:4;) $;) 6A"&G96). !' :,$( 6<8>E &$;# 7;5$G#;, "7E>?8"# 3 D6&(58G $=78(: 8( 

8µ8B6A65$8">8#E#'), 8( >6µ#8B6A65$8">8#E#') $=78" 0 56( 8(  

>6µ#8B6A65$8">8#E#') $=78" 00. 2( 8µ8B6A65$8">8#E#') 678$'A8=#$6( 67: C#6 

&5'A'$: 78A"B6A65$8">8#(58= 8JC8). 2( >6µ#8B6A65$8">8#E#') $=78" 0 C?8"# F) 

'76#6A6µD6#:µ'#; 98µ(5% µ8#E96 $8 9(&65?6>G$; [(6-1,4)-D-GalA!(6-1,2)-L-

Rha]n µ' "7856$6&$E$') &$8 24 $F# 56$6A8G7F# >6µ#:4;). 2( 

>6µ#8B6A65$8">8#E#') $=78" 00 'G#6( 8( 7(8 7'>G7A85') µ' 13 9(6<8>'$(5E &E5?6>6 

56( 7E#F 67: 20 9(6<8>'$(58=) 9'&µ8=) (Gilbert 2010). 
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+(5:#6 1.4. L6>8"&(E4'$6( ; 98µ% $F# 78A"&65?6>($@# 78" 676#$@#$6( &$8 
<"$(5: 5"$$6>(5: $8G?Fµ6. O#69'(5#='$6( ; "S;A% ?;µ(5% '$'>8BC#'(6 &' :A') $() 
7'>(7$@&'() 7A;# $;) 5"$$6>G#;) (7>8&6>µ8B% $;) '(5:#6) 78" 7'>(A6µDE#'$6( &$;# 
'>B6&G6 $F# (Burton, Gidley et al. 2010).  
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  . A(B#G#; 'G#6( C#6 6>Fµ6$(5: 78A"µ'>C) 78" &"µDEAA'( &$; &5A%>"#&; $8" 

9'"$'>8B'#8=) 5"$$6>(58= $8(?@µ6$8). . "S;A% $;) ?;µ(5% 7'>(7A85:$;$6 56( 

'$'>8BC#'(6 56H(&$E 'J6(>'$(5E 9=&58A; $:&8 $;# 678µ:#F&% $;) :&8 56( $;# 

65>(D% 7'>(B>6<% $;) 98µ%) 56( $;) ?;µ(5%) $;) &=&$6&;). /6 D6&(5E &"&$6$(5E 

67: $;# 6<"9>8B:#F&; $F# 878GF# 7>85=7$'( $8 &=#H'$8 9G5$"8 $;) A(B#G#;) 'G#6( 

8( "9>8J"5(##6µ(5C) 6A58:A'): 5F#(<'>"A(5%, &(#67"A(5% 56( 7-58"µ6>(A(5% 

6A58:A;. !"#9C'$6( µ' 8µ8(878A(58=) 56( µ; 9'&µ8=) µ' $;# 5"$$6>G#; 56( $;# 

;µ(5"$$6>G#; (lignin-carbohydrate complexes, LCCs), '#@ 6AA;A'7(9>E 56( µ' $() 

7>F$'U#') $8" <"$(58= 5"$$6>(58= $8(?@µ6$8) (Achyuthan, Achyuthan et al. 2010). 

O78$'A'G C#6 67: $6 D6&(5:$'>6 'µ7:9(6 56$E $;# '#4"µ(5% "9>:A"&; $;) <"$(5%) 

D(8µE46), B'B8#:) 78" '7;>'E4'( &;µ6#$(5E $;# 67:98&; D(89('>B6&(@# :7F) ; 

76>6BFB% D(856"&GµF# 67: A(B#(#85"$$6>(#8=?') 7>@$') =A').  

 

1.1.2 +#4"µ(5% "9>:A"&; 5"$$6>(58= $8(?@µ6$8) 

L6>65E$F 6#6<C>8#$6( &"#87$(5E 8( D6&(5C) 67: $() '#4"µ(5C) 9>E&'() 78" 

C?8"# µ'A'$;H'G µC?>( &%µ'>6 µ' DE&; $8 "7:&$>Fµ6 78" "9>8A=8"# ?F>G) F&$:&8 

#6 678$'A8=# 7A%>; '(5:#6 $;) '>B6A'(8H%5;) 78" 9(6HC$8"# 8( 5"$$6>(#8A"$(58G 

µ(5>88>B6#(&µ8G B(6 $; 9(E&76&; $;) D(8µE46). 

• 1"$$6>G#;. P9>8A='$6( 67: $; &"#'>B(&$(5% 9>E&; '#98-D-1,4-BA8"56#6&@# 

(µCA; $F# 8(58B'#'(@# GH 5, 6, 7, 8, 9, 12, 44, 45, 48, 51, 61, 74 56( 124), 

5'AA8D(8[9>8A6&@# (GH 6, 7, 9, 48 56( 74) 56( D-BA"584(96&@# (GH 1, 3, 9, 

30 56( 116). 2( '#98-D-1,4-BA8"56#E&') "9>8A=8"# $;# 6A"&G96 $;) 

5"$$6>G#;) &' $"?6G6 &;µ'G6, 8( 5'AA8D(8[9>8AE&') 67'A'"H'>@#8"# 

5'AA88A(B8&65?6>G$') 67: $6 E5>6 $F# 6A"&G9F# '#@ ; D-BA"584(9E&; 

"9>8A='( $8") 8A(B8&65?6>G$') &' µ8#E9') BA"5:4;) (Kubicek 1992). 

• \"A8BA8"5E#;. /6 C#4"µ6 78" "9>8A=8"# $8 &5'A'$: $;) J"A8BA8"5E#;) &' 

µ; "7856$'&$;µC#') µ8#E9') BA"5:4;) ('#98-J"A8BA8"56#E&') % '#98-

"9>8AE&') $;) J"A8BA8"5E#;)) C?8"# 56$;B8>(878(;H'G &$() 8(58BC#'(') GH 

5, 7, 12, 16, 44 56( 74. (Gilbert, Stalbrand et al. 2008). /8 µ'B6A=$'>8 

'#9(6<C>8# 76>8"&(E48"# $6 C#4"µ6 $;) 8(58BC#'(6) 16, A:BF $;) (56#:$;$E) 

$8") :?( µ:#8 #6 "9>8A=8"# $;# J"A8BA8"5E#; 6AAE 56( #6 6AAE48"# $; 

98µ% $;) µC&F 6#$(9>E&'F# µ'$6BA"584"AGF&;) (Eklof and Brumer 2010).  



!"%!

• 36##E#'). . "9>:A"&; $F# 78A"&65?6>($@# 6"$@#  A6µDE#'( ?@>6 µ' $; 

&"#9"6&$(5% 9>E&; '#98-D-1,4-µ6##6#6&@# (GH 5 56( 26), 'JF-D-1,4-

µ6##84(96&@# (GH 2 56( 5), D-1,4-BA"584(96&@#, 6-B6A65$84(96&@# (GH 4, 

27, 36, 57 56( 110) 56( 65'$"A-µ6##6#-'&$'>6&@# (Centeno, Guerreiro et al. 

2006). 

• \"AE#;. 2 &5'A'$:) $;) J"AE#;) "9>8A='$6( 56$E 5=>(8 A:B8 67: J"A6#E&') 

$F# 8(58B'#'(@# GH 5, 8, 10, 11 56( 30 '#@ 8( 7A'">(5C) 6A"&G9') 

6>6D(#:4;) 678µ65>=#8#$6( µC&F $F# 6>6D(#8<8">6#84(96&@# $F# 

8(58B'#'(@# GH 43, 51, 54 56( 62 56( $6 8">8#(5E 8JC6 µC&F $F# 6-

BA"58">8#(96&@# $F# 8(58B'#'(@# GH 67 56( 115 (Gilbert 2010). 

• L;5$G#;. . 6789:µ;&; $8" &=#H'$8" 6"$8= 78A"&65?6>G$; 

7>6Bµ6$878('G$6( µC&F '#:) µ'BEA8" 6>(Hµ8= D(856$6A"$@# µ'$6J= $F# 

878GF# &"B56$6ACB8#$6( 7;5$(#E&'), 'JF-78A"B6A65$8">8#E&') 56( 

>6µ#8B6A65$8">8#E&') (GH 28), 'JF-A"E&') $8" 78A"B6A65$8">8#(58= (PL 

2 56( 9) 56H@) 56( 7;5$(#(5C) A"E&') (PL 1, 2, 3, 9 56( 10), µ'H"A'&$'>E&') 

(CE 8) 56( '&$'>E&') $8" 8J(58= 8JC8) (CE 12 56( 13) (Solbak, Richardson et 

al. 2005). 

 

1.1.3 2(58BC#'(6 61 $;) DE&;) 9'98µC#F# CAZy 

!$;# 8(58BC#'(6 61 $F# BA"584(9(5@# "9>8A6&@# (GH61) &"B56$6ACB8#$6( 

7'>(&&:$'>') 67: 200 7>F$'U#') 8( 878G') 7>8C>?8#$6( :A') 67: '"56>"F$(58=) 

8>B6#(&µ8=). . 6"J;µC#; 76>8"&G6 $8") &$8 B8#(9GFµ6 5"$$6>(#8A"$(5@# µ"5%$F# 

678$'A'G C#9'(J; $;) &;µ6&G6) $8") B(6 $;# 678(589:µ;&; $;) <"$(5%) D(8µE46) 

(Martinez and Reyes-Valdes 2008). . 56$;B8>(878G;&% $8") 6>?(5E F) BA"584(9(5C) 

"9>8AE&') D6&G&$;5' &$;# 6&H'#% 5"$$6>(#8A"$(5% 9>E&; 78" 76>8"&G646# 5E78(6 

µCA; $;) 8(58B'#'G6) ?F>G) :µF) 6"$% #6 H'F>'G$6( ; D6&(5% A'($8">BG6 $8") &$; 

<=&;. !"&$;µ6$(5C) µ'AC$') '7(5'#$>@H;56# &$; 9(6A'=56#&; $8" >:A8" $F# GH61 

89;B@#$6) &$;# 6785EA"S; '#:) #C8" µ;?6#(&µ8= 9>E&;) 78" A'($8">B'G 

&"#'>B(&$(5E µ' $() 5A6&(5C) 5"$$6>(#E&') 76>C?8#$6) µ' $8# $>:78 6"$: C#6 

(&?">: :7A8 &$;# 56$'=H"#&; $;) 8(58#8µ(5E D(@&(µ;) '#4"µ(5%) "9>:A"&;) 

A(B#(#85"$$6>(#8=?F# "A(5@#. 
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1.1.3.1 2 76>EB8#$6) 9(E&76&;) $;) 5>"&$6AA(5%) 98µ%) $;) 5"$$6>G#;) 

O7: $6 µC&6 $8" 7>8;B8=µ'#8" 6(@#6 'G?' %9; 9(6$"7FH'G ; "7:H'&; :$( 

7C>6 67: $() B#F&$C) "9>8AE&'), 8( 5"$$6>(#8A"$(58G µ(5>88>B6#(&µ8G 9(6HC$8"# 

C#6 '7(7AC8# '#4"µ(5: &=&$;µ6 9(E&76&;) $;) 5>"&$6AA(5%) 98µ%) $;) 5"$$6>G#;) 

(B#F&$: F) 76>EB8#$6) 9(E&76&;)) $8 878G8 $;# 56H(&$E 7(8 '=58A6 "9>8A=&(µ; 

67: $6 "7:A8(76 C#4"µ6 (Reese, Siu et al. 1950). . 6#EB5; B(6 µ'GF&; $8" '#4"µ(58= 

<8>$G8" 56$E $;# 678(589:µ;&; $;) <"$(5%) D(8µE46) C&$>'S' $8 '>'"#;$(5: 

'#9(6<C>8# &$;# 6#64%$;&; $F# EB#F&$F# 6"$@# D(856$6A"$@#. 3' DE&; 

9;µ8&('"µC#') µ'AC$'), 7>F$'U#') 78" H6 µ78>8=&6# #6 76G48"# $8 >:A8 6"$: 'G#6( 

8( µ8#E9') 7>:&9'&;) "96$6#H>E5F# (Carbohydrate Binding Modules, CBMs), ; 

9>E&; $F# 878GF# &"µDEAA'( &$; µ'$ED6&; $8" 56$6A"$(58= $8µC6 67: $; 9(6A"$% 

<E&; &$8 &$'>': "7:&$>Fµ6. 2 65>(D%) $>:78) 9>E&;) $F# CBMs 9'# C?'( 

9(6A'"56#H'G 7A%>F). 3' DE&; µG6 "7:H'&; 78" C?'( 9(6$"7FH'G &?'$(5E, 8( 

7>F$'U#') 6"$C) µ'(@#8"# $;# (&?= $F# 6AA;A'7(9>E&'F# µ'$6J= $F# (#@# µC&F 

'#:) µ; "9>8A"$(58= µ;?6#(&µ8=. O"$: C?'( F) 678$CA'&µ6 $;# 67:&76&; 6A"&G9F# 

5"$$6>G#;) 67: $; &"µ76B% 98µ% 78" &?;µ6$G48"# 56( $;# C5H'&% $8") &$;# 

56$6A"$(5% µ8#E96. VAA') µ; "9>8A"$(5C) 7>F$'U#'), ; 9>E&; $F# 878GF# C?'( 

&"#9'H'G µ' $; ?6AE>F&; $8" 5"$$6>(#(58= 7ACBµ6$8), 'G#6( 8( '5$6&G#') (expansins) 

78" 676#$@#$6( µ:#8 &' <"$(58=) 8>B6#(&µ8=) 56H@) 56( EAA') 7>F$'U#') $=78" 

'5$6&(#@# 678µ8#FµC#') 67: D65$%>(6 56( µ=5;$') 8( 878G') 9>8"# &"#'>B(&$(5E µ' 

$() 5A6&(5C) 5"$$6>(#E&') (Arantes and Saddler 2010). 

L>:&<6$') µ'AC$') C9'(J6# :$( 8>(&µC#6 µCA; $;) 8(58BC#'(6) 61 (GH61) 

:7F) 6"$E 7'>(B>E<8#$6( &$; DE&; 9'98µC#F# CAZy 89;B8=# &' 6"J;µC#; 

"9>:A"&; A(B#(#85"$$6>(#8=?F# "78&$>FµE$F# :$6# ?>;&(µ878(8=#$6( µ64G µ' 

5A6&(5E 5"$$6>(#8A"$(5E &5'"E&µ6$6 (Merino and Cherry 2007). . &"#'>B(&$(5% 

6"$% 9>E&; 76='( #6 76>6$;>'G$6( &$;# 7'>G7$F&; "78&$>FµE$F# 78" 7'>(C?8"# 

µ:#8 5"$$6>G#;. 2 Harris 56( 8( &"#'>BE$') $8" (Harris, Welner et al. 2010) 

5AF#878G;&6# 56( µ'AC$;&6# µG6 78(5(AG6 GH61s 67: 5"$$6>(#8A"$(58=) µ=5;$') 

:7F) 8 Thielavia terrestris 56( Thermoascus aurantiacus. /6 678$'AC&µ6$E $8") 

C9'(J6# :$( ; 7>8&H%5; 5E78(F# '5 $F# µ'A'$@µ'#F# 7>F$'M#@#, &' 78&8&$: 5-20% 

'7G $8" &"#8A(58= '#4"µ(58= <8>$G8", 89;B'G &' 6"J;µC#; 6789:µ;&; 

7>8'7'J'>B6&µC#8" &7E9(56 6>6D8&G$8", µ' $;# 6=J;&; 6"$% #6 µ'$6DEAA'$6( 

6#EA8B6 µ' $; ?>;&(µ878(8=µ'#; GH61. !$;# G9(6 µ'AC$; 6#6<C>'$6( :$( ; 
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&"#'>B(&$(5% 9>E&; 9'# 678$'A'G 7>8M:# 6AA;A'7G9>6&;) µ' &"B5'5>(µC#; '#4"µ(5% 

56$;B8>G6 % 6µ(B8=) "9>8A"$(5%) '#'>B:$;$6) $F# GH61s '#@ 9'# 76>6$;>'G$6( 

56$E $;# "9>:A"&; "78&$>FµE$F# 678$'A8=µ'#F# 67: 56H6>% 5"$$6>G#;.  

2( 6>?(5C) "78HC&'() B(6 $8 µ;?6#(&µ: 9>E&;) $;) 6(#(Bµ6$(5%) 6"$%) 

8(58BC#'(6) 6#6<C>8#$6# 'G$' &' C#6 µ; "9>8A"$(5: 76>EB8#$6 µ' '7G9>6&; &$;# 

5>"&$6AA(5:$;$6 $;) 5"$$6>G#;) ($=78" '5$6&(#@#) 'G$' &' C#6 D(856$6A=$; µ' 

9>E&; 7E#F &' C#6# EB#F&$8 µC?>( $:$' 9'&µ: $8" <"$(58= 5"$$6>(58= $8(?@µ6$8). 

I'98µC#;) :µF) $;) CAA'(S;) &"#'>B(&$(5%) 9>E&;) &' 56H6>C) 5"$$6>G#') ; 7>@$; 

"7:H'&; <6(#:$6# 67GH6#; '#@ 76>E $;# '5$'$6µC#; 9('>'=#;&; µ'BEA;) 78(5(AG6) 

"78&$>FµE$F#, 56µG6 '>'"#;$(5% 8µE96 9'# 'G?' 56$6<C>'( #6 '#$87G&'( $8 9'&µ:-

&$:?8 $F# GH61s. 2( '#$6$(5C) '>'"#;$(5C) 7>8&7EH'(') $F# $'A'"$6GF# 10 '$@# 

89%B;&6# $'A(5E &$;# 6785EA"S; $8" $>:78" 9>E&;) $F# '#4=µF# 6"$@#. 

L6>65E$F 7'>(B>E<8#$6( &"#87$(5E $6 '7(µC>8") D%µ6$6 78" 89%B;&6# &$;# 

678$=7F&; $8" #C8" 6"$8= µ;?6#(&µ8= 56H@) 56( 8( 7>887$(5C) 78" 6#8G?H;56# B(6 

$; D(8$'?#8A8B(5% 6J(878G;&; $F# GH61s. 

1.1.3.2 2( 7>@$') '>'"#;$(5C) 7>8&7EH'(') &?'$(5E µ' $;# 8(58BC#'(6 61 

$;) DE&;) 9'98µC#F # CAZy . 

. 7>@$; µ'AC$; &?'$(5E µ' $;# 8(58BC#'(6 61 CB(#' $8 1992 (Raguz, Yague et 

al. 1992) 56$E $;# 878G6 678µ8#@H;5' 56( µ'A'$%H;5' B8#G9(8 $8" µ=5;$6 Agaricus 

bisporus 78" '76B:$6# 76>8"&G6 5"$$6>G#;). . 56$6A"$(5% µ8#E96 $;) 7>F$'U#;) 

78" 5F9(5878(8=&' $8 &"B5'5>(µC#8 B8#G9(8 9'# 76>8"&G64' 8µ8A8BG6 µ' 56µG6 

µC?>( $:$' B#F&$% BA"584(9(5% "9>8AE&;. ,&$:&8, A:BF $;) >=Hµ(&;) $;) C5<>6&;) 

$8" &"B5'5>(µC#8" B8#(9G8" 56H@) 56( $;) 76>8"&G6) $8µC6 7>:&9'&;) &$;# 

5"$$6>G#; &$8 56>D8J"$'A(5: E5>8 $8" '#4=µ8" H'F>%H;5' :$( $8 &"B5'5>(µC#8 

C#4"µ8 'µ7AC5'$6( &$;# 678(589:µ;&; $;) 5"$$6>G#;). 

3C?>( 78A= 7>:&<6$6 'G?6# 7>6Bµ6$878(;H'G 6>5'$C) µ'AC$') 7E#F &' 

BA"584(9(5C) "9>8AE&') $;) 8(58BC#'(6) 61 678µ8#FµC#') 67: '"56>"F$(58=) 

µ(5>88>B6#(&µ8=) :7F): A. bisporus (Raguz, Yague et al. 1992), Aspergillus 

kawachii (Hara, Hinoki et al. 2003), Aspergillus nidulans (Bauer, Vasu et al. 2006), 

Cochliobolus heterostrophus (Lev and Horwitz 2003), Cryptococcus neoformans 

(Chang and Kwon-Chung 1998), Hypocrea jecorina (Saloheimo, Nakari-Setala et al. 

1997; Foreman, Brown et al. 2003), Phanerochaete chrysosporium (Wymelenberg, 
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Denman et al. 2002), T. aurantiacus 56( T. terrestris (Harris, Welner et al. 2010), 56( 

Volvariella volvacea (Ding, Ge et al. 2006). !?'9:# :A6 $6 C#4"µ6 78" 'G?6# 

µ'A'$;H'G F) 7>8) $; 9>6&$(5:$;$E $8") &' 9(E<8>6 "78&$>@µ6$6 76>8"&G646# 

'J6(>'$(5E 6&H'#% 5"$$6>(#8A"$(5% 9>E&;, 78A= F&$:&8 ?6µ;A:$'>; 67: 6"$% %9; 

?6>65$;>(&µC#F# '#98BA8"56#6&@# 67: EAA') 8(58BC#'(') $;) DE&;) 9'98µC#F# 

CAZy :7F) ; Cel7B 67: $8 µ=5;$6 H. jecorina (Karlsson, Saloheimo et al. 2001) 56( 

; AN1285.2 67: $8# A. nidulans (Bauer, Vasu et al. 2006). . µ:#; '5 $F# 

?6>65$;>(&µC#F# BA"584(9(5@# "9>8A6&@# $;) 8(58BC#'(6) 61 78" 9'# 76>8"&G64' 

6#(?#'=&(µ; 5"$$6>(#8A"$(5% 9>E&; 'G#6( ; CEL1 67: $8# A. bisporus (Armesilla, 

Thurston et al. 1994).  

 

1.1.3.3 I8µ(5C) µ'AC$') $F# µ'A@# $;) 8(58BC#'(6) 61 

3C?>( &%µ'>6 C?8"# 7>8&9(8>(&$'G µ' $; D8%H'(6 $;) 5>"&$6AA8B>6<G6) 

65$G#F#-K 8( $>(9(E&$6$') 98µC) $;) Cel61B 67: $8# H. jecorina &' '"5>G#'(6 1.6 Å 

(5F9(5:) PDB 2VTC) (Karkehabadi, Hansson et al. 2008), GH61E 67: $8# T. 

terrestris &' '"5>G#'(6 2.25 56( 1.9 Å (5F9(58G PDB 3EII 56( 3EJA, 6#$G&$8(?6) 

(Harris, Welner et al. 2010) 56( TaGH61 67: $8# T. aurantiacus &' '"5>G#'(6 1.49 

56( 1.25 Å (5F9(58G PDB 2YET, 3ZUD, 6#$G&$8(?6) (Quinlan, Sweeney et al. 2011). 

. 6#69G7AF&; $F# 7>F$'M#@# 'G#6( 58(#% 56( &$() 3 98µC) 678$'A8=µ'#; 67: C#6# 

$8µC6 78" 6#69(7A@#'$6( &' D-&E#$8"($) µ' 9=8 6#$(76>EAA;A6 D-7$"?F$E <=AA6 

56( $878A8BG6 6#EA8B; $;) 6#8&8&<6(>G#;) (+(5:#6 1.5). 2 7>8&9(8>(&µ:) $;) 

7>@$;) 98µ%) (Cel61B) 6785EA"S' $;# =76>J; µG6) 8µE96) &"#$;>;µC#F#, 5">GF) 

78A(5@#, 6µ(#8JCF# $6 878G6 D>G&58#$6( &$;# '7(<E#'(6 $8" '#4=µ8". !$;# 

7'>G7$F&; $;) GH61E $6 7AC8# &"#$;>;µC#6 6µ(#8JC6 &"µµ'$C?8"# &$8 

&?;µ6$(&µ: '#:) (8#$(58= 9(5$=8" D"H(&µC#8" &$8 '&F$'>(5: $;) 7>F$'U#;). 18(#: 

?6>65$;>(&$(5: :AF# $F# 98µ@# 'G#6( 9=8 &"#$;>;µC#6 56$EA8(76 (&$(9G#;) &$;# 

'7(<E#'(6 $8" '#4=µ8" 58#$E &$8 6µ(#8$'A(5: E5>8 78" &"µµ'$C?8"# &$; &"#6>µ8B% 

'#:) µ'$6AA856$(:#$8) (#(5'AG8" &$;# 7'>G7$F&; $;) Cel61B, S'"96>B=>8" 56( 

µ6B#;&G8" &$;# 7'>G7$F&; $;) GH61E 56( ?6A58= &$;# 7'>G7$F&; $;) TaGH61) ; 

76>8"&G6 $8" 878G8" 'G#6( 676>6G$;$; B(6 $; 9>6&$(5:$;$6 $8" '#4=µ8" (Harris, 

Welner et al. 2010) (Quinlan, Sweeney et al. 2011). /6"$:?>8#6, 56µG6 67: $() %9; 

7>8&9(8>(&µC#') 98µC) 9'# "7C9'(J' 5E78(6 7'>(8?% 7>:&9'&;) 9(6A"$8= 

78A"&65?6>G$; % 5E78(8" 56$6A"$(58= 5C#$>8" &' 9(6µ:><F&; 76>:µ8(6 µ' 6"$%# 



!")!

78" 676#$E$6( &"#%HF) &' EAA') BA"584(9(5C) "9>8AE&'). /8 B'B8#:) 6"$: '#G&?"&' 

65:µ6 7'>(&&:$'>8 $;# 7>:$6&; :$( 8( GH61s C?8"# C#6# 56(#8=>(8, &' &?C&; µ' $6 

%9; B#F&$E C#4"µ6 78" &"#9C8#$6( µ' $;# 6789:µ;&; $;) D(8µE46), µ;?6#(&µ: 

9>E&;). 

  L'>6($C>F µ'AC$; 78" 6<8>8=&' &$;# 6#64%$;&; 98µ(5@# 8µ8A:BF# 

6785EA"S' :$( ; 7A;&(C&$'>; 98µ(5E 7>F$'U#; 'G#6( µG6 µ; 56$6A"$(5% 7>F$'U#; 

7>:&9'&;) &$; ?($G#; 7>8'>?:µ'#; 67: $8 D65$%>(8 Serratia marcescens (5F9(5:) 

PDB: 2BEM, (Vaaje-Kolstad, Houston et al. 2005) (+(5:#6 1.5N). H CBP21 6#%5'( 

&$;# 8(58BC#'(6 33 (CBM33) $F# $8µCF# 7>:&9'&;) 78A"&65?6>($@# $;) DE&;) 

9'98µC#F# CAZy 56( C?'( $;# (56#:$;$6 #6 9>6 &"#'>B(&$(5E µ' EAA') ?($(#E&') 

56$E $;# "9>:A"&; $;) D-?($G#;) (Vaaje-Kolstad, Horn et al. 2005). . 98µ(5% 

8µ8(:$;$6 &"#(&$E$6(, 7C>6 67: $8 &"#8A(5: $>:78 6#69G7AF&;) $F# 9=8 

7>F$'M#@#, &$;# 8µE96 '5'G#; $F# '7(<6#'(65@# 6µ(#8JCF# 78" &"µµ'$C?8"# &$; 

&"#6>µ8B% $8" µ'$6AA856$(:#$8), $6 878G6 'G#6( (&?">E &"#$;>;µC#6 &$() 

8(58BC#'(') GH61 56( CBM33. 

 

 

 

 

+(5:#6 1.5 2( 5>"&$6AA(5C) 98µC) $;) GH61E 67: $8# T. terrestris (5F9(5:) PDB 
3EII) (A) 56( $;) CBP21 67: $8 S. marcescens (5F9(5:) PDB: 2BEM) (N). 
P789'(5#='$6( $8 &;µ'G8 &"#6>µ8B%) $8" µ'$6AA856$(:#$8) 78" D>G&5'$6( &$8 
6µ(#8$'A(5: E5>8 $F# 9=8 '#4=µF#. 2( '(5:#') &?'9(E&H;56# µ' $8 7>:B>6µµ6 
PyMOL. 

 

1.1.3.4 2 µ;?6#(&µ:) 9>E&;) $;) CBP21 

!$8(?'G6 &?'$(5E µ' $8 µ;?6#(&µ: 9>E&;) $;) CBP21 9;µ8&('=H;56# B(6 

7>@$; <8>E $8 2010 67: $8# Vaaje-Kolstad 56( $8") &"#'>BE$') $8" (Vaaje-Kolstad, 
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Westereng et al. 2010). !=µ<F#6 µ' $6 9;µ8&('"µC#6 678$'AC&µ6$E $8"), ; CBP21 

9>6 &$8 5>"&$6AA(5: "7:&$>Fµ6 &' 9=8 &$E9(6, C#6 "9>8A"$(5: 56( C#6 8J'(9F$(5:, 

67'A'"H'>@#8#$6) µ'BEA6 $µ%µ6$6 ?($G#;) µ' 8J'(9FµC#6 E5>6 56( 4"B: 6>(Hµ: 

µ8#8µ'>@#, B'B8#:) 78" 678$'A'G C#9'(J; &"B5'5>(µC#;) 56$'=H"#&;) 9>E&;) 56$E 

µ%58) $8" 78A"&65?6>G$;. . 9>E&; $;) 'J6>$E$6( 67: $;# 76>8"&G6 µ8>(658= 

8J"B:#8" 56( '#(&?='$6( &;µ6#$(5E 76>8"&G6 6#6BFB(5@# 8"&(@# 78" 9>8"# F) 

9:$') ;A'5$>8#GF#. !' µG6 9'=$'>; µ'AC$; (Forsberg, Vaaje-Kolstad et al. 2011), ; 

G9(6 8µE96 6#C9'(J' $;# (56#:$;$6 µG6) EAA;) 7>F$'U#;) (CelS2 67: $8# 

Streptomyces coelicolor) 78" 7'>('G?' µ8#E96 7>:&9'&;) CBM33 #6 67'A'"H'>@#'( 

8J'(9FµC#8") 5'AA88A(B8&65?6>G$') 56$E $; 9>E&; $;) &' 5>"&$6AA(5% 5"$$6>G#; 

56( #6 '#(&?='( $; 9>E&; 5"$$6>(#6&@# 56$E $;# "9>:A"&; 6"$8= $8" 9=&58A6 

67898µ%&(µ8" "78&$>@µ6$8). 2( &"BB>6<'G) 7>:$'(#6# 7F) C#6) 6#$G&$8(?8) 

µ;?6#(&µ:) 9>E&;)  H6 µ78>8=&' #6 9(6$"7FH'G B(6 $() 7>F$'U#') $;) 8(58BC#'(6) 

61, C$&( @&$' µ' 56$EAA;A; $>87878G;&; $F# &"#H;5@# "9>:A"&;)  #6 'G#6( 9"#6$% 

; &;µ6#$(5% 6=J;&; $;) 67:98&;) $;) D(8µ'$6$>87%).   

 

1.1.3.5 2J'(986#6BFB(5% 6789:µ;&; 5"$$6>G#;): C#6) µ;?6#(&µ:) 

76>EAA;A8) &$() 5A6&&(5C) "9>8A"$(5C) 5"$$6>(#E&') 

! 16$E $; 9(E>5'(6 $;) &"BB>6<%) $;) 76>8=&6) 9(6$>(D%) 9;µ8&('=$;56# #C6 

9'98µC#6 78" 6<8>8=&6# &$8 µ;?6#(&µ: 9>E&;) $F# GH61. 2 Quinlan 56( 8( 

&"#'>BE$') $8" (Quinlan, Sweeney et al. 2011) C9'(J6# :$( $6 µCA; $;) 8(58BC#'(6) 

6"$%) 'G#6( 8J'(9E&') 78" 9'&µ'=8"# $8 Cu2+ 56( $F# 878GF# ; 9>E&; '#(&?='$6( 

67: $;# 76>8"&G6 6#6BFB(5@# 8"&(@# :7F) $8 B6AA(5: 56( $8 6&58>D(5: 8J=. . 

5>"&$6AA8B>6<(5% 98µ% $;) 6#6&"#9"6&µC#;) GH61 67: $8# T. aurantiacus 

(TaGH61) &' '"5>G#'(6 1.25 Å (5F9(5:) PDB 3ZUD) &' &"#9"6&µ: µ' 7'(>Eµ6$6 

*'>µ(98µ'$>G6) 0&:H'>µ;) /($A89:$;&;) (Isothermal Titration Calorimetry, ITC) 56( 

.A'5$>8#(58= L6>6µ6B#;$(58= !"#$8#(&µ8= (Electronic Paramagnetic Resonance, 

EPR) 6#C9'(J6# $; &;µ6&G6 $8" (:#$8) ?6A58= $=78" 00 78" &"#$8#G4'$6( 67: 9=8 

56$EA8(76 (&$(9G#;), µG6 $">8&G#;, C#6 µ:>(8 78A"6(H"A'#8BA"5:A;) (PEG) 56( C#6 

µ:>(8 #'>8= 56( 76>8"&(E4'( 78A= µ'B6A=$'>; &"#E<'(6 B(6 $8 '#'>B: 5C#$>8 67: 

878(89%78$' EAA8 9(&H'#C) µ'$6AA856$(:#. +#9(6<C>8# &$; 98µ% 6"$% 76>8"&(E4'( 

; (&$(9G#; &$8 6µ(#8$'A(5: E5>8 $;) 7>F$'U#;) 78" &"µµ'$C?'( &$; &"#6>µ8B% $8" 
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(:#$8) ?6A58= 56( 'G#6( µ'H"A(FµC#; &$8 

E4F$8 ]'2 (+(5:#6 1.6). !=µ<F#6 µ' $8") 

&"BB>6<'G), ; µ'H"A8µE96 6"$% '#9C?'$6( #6 

'7;>'E4'( $; 9>6&$(5:$;$6 56( $; 

&$6H'>:$;$6 $8" '#4=µ8", '#@ 8 65>(D%) $;) 

>:A8) ?>%4'( 7'>6($C>F µ'AC$;). . G9(6 

8µE96, ?>;&(µ878(@#$6) <6&µ6$8&587G6 

µE46) MALDI-TOF (Matrix-assisted Laser 

Desorption/Ionization Time Of Flight) C9'(J' 

:$( $6 7>8M:#$6 9>E&;) $;) TaGH61 7E#F &' 

5"$$6>G#; 9(8B5FµC#; µ'$E 67: 56$'>B6&G6 

µ' <F&<8>(5: 8J= (Phosphoric Acid Swollen 

Cellulose, PASC) 76>8"&G6 B6AA(58= 8JC8) 

7'>(AEµD6#6# 5'AA89'J$>G#') D6Hµ8= 

78A"µ'>(&µ8= 3-8, µ'$6J= $F# 878GF# 

"7%>?6# 56( 8J'(9FµC#6 'G9;. L'>6($C>F 

6#EA"&; $F# '(9@# 6"$@# 6#C9'(J' 9=8 56$;B8>G') 7>8M:#$F#, 8J'(9FµC#F# 'G$' 

&$8# C1 $8" 6#6BFB(5o= E5>8" (6A98#(5E 8JC6) 'G$' &$8# C6 $8" µ; 6#6BFB(58= 

E5>8" (+(5:#6 1.7), 89;B@#$6) C$&( &$; 9(67G&$F&; :$( 8( GH61 C?8"# '#9'?8µC#F) 

76>67E#F 67: C#6 $>:78 9>E&;). /;# 8J'(9F$(5% 9>E&; $F# GH61 56$C9'(J6# 56( 8 

Westereng 56( 8( &"#'>BE$') $8" (Westereng, Ishida et al. 2011). . 8µE96 6"$% 

5AF#878G;&' 56( 'JC<>6&' µC&F $;) 4=µ;) Pichia pastoris µG6 BA"584(9(5% 

"9>8AE&; $;) 8(58BC#'(6) 61 67: $8 P. chrysosporium (PcGH61D) µ' $C$8(8 $>:78 

@&$' $8 6µ(#8J= &$; HC&; 1 $;) 6#6&"#9"6&µC#;) 7>F$'U#;) #6 'G#6( ; (&?">E 

&"#$;>;µC#; (&$(9G#; 78" 676#$E$6( &' :A6 $6 C#4"µ6 $;) 8(58B'#'G6) 56( 78" 

&"µµ'$C?'( &$; &"#6>µ8B% $8" µ'$6AA856$(:#$8). !=µ<F#6 µ' $6 9;µ8&('"µC#6 

678$'AC&µ6$6, ; 9>E&; $;) PcGH61D 7E#F &' 5"$$6>(#8=?6 "78&$>@µ6$6 

76>8"&G6 6#6BFB(58= 76>EB8#$6 89;B'G &$;# 76>6BFB% 8J'(9FµC#F# 

5'AA88A(B8&65?6>($@# 56( A'($8">B'G &"#'>B(&$(5E µ' 5"$$6>(#8A"$(5E 

&5'"E&µ6$6.  
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+(5:#6 1.7 !?;µ6$(5% 6#676>E&$6&; $F# 9=8 '(9@# 8J'(9FµC#F# 5'AA89'J$>(#@# 
(&$8# C6 $8" µ; 6#6BFB(58= E5>8" 56( &$8# C1 $8" 6#6BFB(58= E5>8") 78" 
6#(?#'=H;56# µ' <6&µ6$8&587G6 µE46) 56$E $;# '7@6&; 5"$$6>G#;) PASC µ' 
TaGH61 76>8"&G6 B6AA(58= 8JC8) 67: $8# Quinlan 56( $8") &"#'>BE$') $8" (L;B%: 
(Quinlan, Sweeney et al. 2011)). 

!?'9:# $6"$:?>8#6, 8 Langston 56( 8( &"#'>BE$') $8" C9'(J6# :$( ; 

&"#9"6&$(5% 9>E&; µG6) GH61 67: $8# T. aurantiacus 56( µG6) 6<"9>8B8#E&;) $;) 

5'AA8D(:4;) (Cellobiose Dehydrogenase, CDH) 67: $8# Humicola insolens 89;B8=&' 

&$;# 6789:µ;&; $;) 5>"&$6AA(5%) 5"$$6>G#;), 76>EB8#$6) C#6 '$'>8B'#C) µGBµ6 

5'AA88A(B8&65?6>($@# 78" 7'>('AEµD6#' 'G9; µ' 8J'(9FµC#8 6#6BFB(5: E5>8 

(Langston, Shaghasi et al. 2011). . G9(6 8µE96 C9'(J' :$( ; 7>8&H%5; GH61 56( CDH 

&' µGBµ6 5"$$6>(#6&@# $8" G9(8" µ=5;$6 (T. terrestris) 89;B8=&' &' &;µ6#$(5% 

6=J;&; $8" D6Hµ8= "9>:A"&;) 5>"&$6AA(5%) 5"$$6>G#;), B'B8#:) 78" 9'# 

76>6$;>8=#$6# :$6# $6 9=8 C#4"µ6 7>8&$GH'#$6# J'?F>(&$E. . CDH 'G#6( C#6 

'JF5"$$6>(5: C#4"µ8 78" 76>EB'$6( 67: µ=5;$') 78" 67898µ8=# $;# 5"$$6>G#; 56( 

'#@ µ'A'$E$6( B(6 7'>(&&:$'>6 67: 30 ?>:#(6, 8 65>(D%) $;) >:A8) 76>6µC#'( 

69('"5>G#(&$8) (Henriksson, Johansson et al. 2000). QA') 8( CDH 78" C?8"# 

µ'A'$;H'G µC?>( &%µ'>6 7'>(A6µDE#8"# µG6 56>D8J"$'A(5% µ8#E96 <A6DG#;) :78" 

7>6Bµ6$878('G$6( 8J'G9F&; 5'AA89'J$>(#@# 56( µG6 6µ(#8$'A(5% µ8#E96 6Gµ;) &$;# 

878G6 µ'$6<C>8#$6( $6 ;A'5$>:#(6 56( ; 878G6 µ78>'G #6 A'($8">B%&'( F) 

6#6BFB(5:) 76>EB8#$6). 

L>8?F>@#$6) C#6 D%µ6 76>67C>6, 8 Phillips 56( 8( &"#'>BE$') $8" 

56$C$6J6# $() GH61 F) µ8#88J"B'#E&') $F# 78A"&65?6>($@# (polysaccharide 

monoogygenases, PMOs) 56( 7>:$'(#6# $8# 'J%) µ;?6#(&µ: 9>E&;) (Phillips, Beeson 

et al. 2011): 6>?(5E BG#'$6( µ'$6<8>E ;A'5$>8#G8" 67: $; µ8#E96 6Gµ;) $;) CDH 56( 

6#6BFB% $;) PMO-Cu(II) &' PMO-Cu(I). T#6 µ:>(8 O2 7>8&9C#'$6( &$8 PMO-Cu(I) 

56( µ'$E 67: '&F$'>(5% µ'$6<8>E ;A'5$>8#G8" &?;µ6$G4'$6( C#6 '#9(Eµ'&8 PMO-

Cu(II)-O-2^ $8 878G8 6<6(>'G C#6 .^ 67: $; HC&; 1 % 4 $8" 78A"&65?6>G$;. T#6 

9'=$'>8 ;A'5$>:#(8 67: $; CDH 89;B'G &$;# 8µ8A"$(5% 9(E&76&; $8" PMO-Cu(II)-
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O-2. &' PMO-Cu(II)-2^ $8 878G8 "9>8J"A(@#'( $8 "7:&$>Fµ6 &$; HC&; 1 % 4. . 

7>8&H%5; $8 6$:µ8" 2 678&$6H'>878('G $8 BA"584(9(5: 9'&µ: 56( 89;B'G &$; 

9(E&76&; $8" 78A"&65?6>G$; 56( $8 &?;µ6$(&µ: A65$:#;) (8J'G9F&; &$; HC&; 1) % 

5'$86A9:4;) (8J'G9F&; &$; HC&; 4) (+(5:#6 1.8). 

 

 

+(5:#6 1.8 2 µ;?6#(&µ:) 9>E&;) $F# GH61. !$8 E#F µC>8) $;) '(5:#6) 
76>8"&(E48#$6( 8( 9=8 $>:78( 9>E&;) 78" C?8"# 678$"7FH'G 56( 89;B8=# &$;# 
8J'G9F&; &$; HC&; 1 (PMO1) 56( 4 (PMO2) &?;µ6$G48#$6) A65$:#') 56( 
5'$86A9:4'), 6#$G&$8(?6. !$8 5E$F µC>8) $;) '(5:#6) 76>8"&(E4'$6( 6#6A"$(5:$'>6 
8 7>8$'(#:µ'#8) µ;?6#(&µ:) &$8# 878G8 &"µµ'$C?8"# ; CDH F) 9:$;) ;A'5$>8#GF#, 
$8 8J"B:#8 56( $8 (:# ?6A58= 78" 676#$E$6( &$() GH61 (L;B%: (Phillips, Beeson et 
al. 2011)). 

1.1.3.6 . 8(58BC#'(6 61- 7>887$(5C)  

/6 678$'AC&µ6$6 78" 7>8C5"S6# 67: $() µ'AC$') 78" 6#6<C>8#$6( 

76>67E#F &"#;B8>8=# "7C> $;) =76>J;) '#:) 8J'(986#6BFB(58= µ;?6#(&µ8= 

6789:µ;&;) $;) 5>"&$6AA(5%) 5"$$6>G#;) 78" 9>6 76>EAA;A6 56( 9('"58A=#'( $8 

C>B8 $F# 5A6&(5@# 5"$$6>(#6&@#. +G#6( 7AC8# 6789'9'(BµC#8 :$( ; 

56$;B8>(878G;&; $F# '#4=µF# 6"$@# F) BA"584(9(5C) "9>8AE&') 9'# 

6#$6785>G#'$6( &$8 µ;?6#(&µ: 9>E&;) $8") 56( µ' DE&; $() 9;µ8&('"µC#') µ'AC$') 
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H6 7>C7'( #6 6#6<C>8#$6( F) µ8#88J"B'#E&') $F# 78A"&65?6>($@# (Beeson, Phillips 

et al. 2011; Phillips, Beeson et al. 2011). /8 B'B8#:) :$( 78AA8G 5"$$6>(#8A"$(58G 

µ=5;$') '5<>E48"# 76>67E#F 67: 10 9(6<8>'$(5C) GH61 56$E $;# 6#E7$"J% $8") 

&' 5"$$6>G#; (Tian, Beeson et al. 2009) (Berka, Grigoriev et al. 2011) 56H@) 56( ; 

"S;A% '$'>8BC#'(6 F) 7>8) $;# 6µ(#8J(5% 6AA;A8"?G6 78" 76>8"&(E48"# $6 C#4"µ6 

6"$E (Harris, Welner et al. 2010), 56$69'(5#=8"# $;# =76>J; 78(5(AG6) F) 7>8) $;# 

&$'>'8'(9G5'"&; 56( $; HC&; 8J'G9F&;) $F# µ8>GF# BA"5:4;). 2 7>8&9(8>(&µ:) $F# 

6µ(#8JCF# 78" 56H8>G48"# $;# 'J'(9G5'"&; $F# 9(6<:>F# GH61 56H@) 56( ; 

$6"$878G;&; $F# 7>8M:#$F# 9>E&;) $8") H6 ?6>EJ'( #C') 7>887$(5C) $:&8 &' 

'7G7'98 D6&(5%) C>'"#6) 56H@) 7>:5'($6( B(6 C#6 #C8 56$6A"$(5: µ;?6#(&µ: :&8 56( 

'<6>µ8&µC#;), A:BF $8" 'J6(>'$(58= D(8$'?#8A8B(58= '#9(6<C>8#$8) 78" 

76>8"&(E4'( ; D'A$(FµC#; 6789:µ;&; $;) D(8µE46) µ' $; ?>%&; $F# '#4=µF# 

6"$@#.   

1.1.4 . o(58BC#'(6 10 $;) DE&;) 9'98µC#F# CAZy 

. 8(58BC#'(6 10 $;) DE&;) 9'98µC#F# CAZy 678$'A'G$6( 67: C#6 µ'BEA8 

6>(Hµ: '#4=µF# (~1200) '5 $F# 878GF# 7'>G78" 220 C?8"# ?6>65$;>(&$'G 56( 21 

C?8"# B#F&$% $>(9(E&$6$; 98µ%. !$6 µCA; $;) 8(58BC#'(6) 6"$%) &"B56$6ACB8#$6( 

56$E 5=>(8 A:B8 '#98-D-1,4-J"A6#E&') (EC 3.2.1.8) 6AAE 56( '#98-D-1,3-J"A6#E&') 

(EC 3.2.1.32) 56( 5'AA8D(8[9>8AE&') (EC 3.2.1.91) (Collins, Gerday et al. 2005). 2( 

J"A6#E&') $;) 8(58BC#'(6) 10 C?8"# $;# (56#:$;$6 #6 7>8&DEAA8"# $;# 5=>(6 

6A"&G96 $;) J"AE#;) 56( $8") 9'&µ8=) 78" D>G&58#$6( 7(8 58#$E &' "7856$'&$;µC#6 

µ:>(6 (+(5:#6 1.9)  
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+(5:#6 1.9 P78H'$(5% 6A"&G96 J"AE#;) 56( $6 C#4"µ6 78" 9>8"# &"#'>B(&$(5E B(6 
$;# 6789:µ;&% $;) ($>87878G;&; $8" 6#$G&$8(?8" &?%µ6$8) 67: Biely, 2003).  

 

L(8 &"B5'5>(µC#6, 8( '#98-D-1,4-J"A6#E&') "9>8A=8"# $8") D-1,4-

BA"584(9(58=) 9'&µ8=) µ'$6J= $F# µ8#8µ'>@# $;) J"A:4;) µ' 56$EA"&; 8JC8)-

DE&;) µC&F '#:) µ;?6#(&µ8= 9(7A%) µ'$6$:7(&;) 78" 89;B'G &$; 9(6$%>;&; $;) 

6#Fµ'>8=) 9(6µ:><F&;) &$8 '#'>B: 5C#$>8 $8" '#4=µ8", :7F) 9'G?H;5' B(6 7>@$; 

<8>E µ' ]3R 67: $8# Withers 56( $8") &"#'>BE$') $8" (Withers, Dombroski et al. 

1986). 2 µ;?6#(&µ:) 6"$:) 7'>(B>E<;5' 67: $8# Koshland $8 1953 (Koshland 1953) 

56( 7'>(A6µDE#'( &' 7>@$8 &$E9(8 (&$E9(8 BA"584"AGF&;)) $; &"#6>µ8B% $8" 

'JF5"5A(58= 8J"B:#8" µ' µG6 :J(#; 8µE96 $8" '#4=µ8" (56$6A=$;) 8J=/DE&;). 

/6"$:?>8#6, $8 6#Fµ'>(5: 5C#$>8 9C?'$6( 7">;#:<(A; 7>8&D8A% 67: µG6 

56>D8J"A(5% 8µE96 $8" '#4=µ8" (56$6A"$(5: 7">;#:<(A8) 78" D>G&5'$6( &$;# 

6#$GH'$; 7A'">E $8" 965$"AG8" $8" &65?E>8" µ' 678$CA'&µ6 $8 &?;µ6$(&µ: $8" 

'#9(Eµ'&8" BA"584"A8-'&$C>6. !$8 9'=$'>8 &$E9(8 (&$E9(8 678BA"584"AGF&;)), $8 

EBA"58 $µ%µ6 678µ65>=#'$6( 67: $8 '#'>B: 5C#$>8 56( "7856H(&$E$6( 67: C#6 

µ:>(8 #'>8= (&$8 &;µ'G8 6"$: BG#'$6( 56( ; 7>@$; 6#6&$>8<% $;) 9(6µ:><F&;) $8" 
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6#Fµ'>(58= 5C#$>8"). /8 µ:>(8 #'>8= 6787>F$8#(@#'$6( µ'>(5@) 67: $; &"4"B% 

DE&; $;) :J(#;) 8µE96) $8" '#4=µ8" 56( 7>8&DEAA'( $8# 6#Fµ'>(5: E#H>656 µ' 

678$CA'&µ6 #6 A='$6( 8 9'&µ:) $8" BA"584"A8-'&$C>6 56( $8 6#Fµ'>(5: 5C#$>8 #6 

'76#C>?'$6( &$;# 6>?(5% $8" 9(6µ:><F&; (+(5:#6 1.10). 

 

+(5:#6 1.10 3;?6#(&µ:) 9>E&;) BA"584(9(5@# "9>8A6&@# &=µ<F#6 µ' $8# 878G8 
9(6$;>'G$6( ; 9(6µ:><F&; $8" 6#Fµ'>(58= E#H>656 (Collins, Gerday et al. 2005). 

2( '#98-D-1,4-J"A6#E&') C?8"# µ'A'$;H'G '5$'$6µC#6 $() $'A'"$6G') 9'56'$G') 

56( 76>8"&(E48"# µ'BEA8 D(8$'?#8A8B(5: '#9(6<C>8# A:BF $8" 7A%H8") $F# 

'<6>µ8B@# $8"). K>;&(µ878(8=#$6( &$; D(8µ;?6#G6 ?E>$8" 56$E $; A'=56#&; $8" 

?6>$878A$8=, &$; D(8µ;?6#G6 $>8<GµF# B(6 $; 9(6=B6&; ?"µ@#, $;# 76>6BFB% 

7>:&H'$F# D6&(&µC#F# &' J"A8-8A(B8&65?6>G$') 56( $;# $>87878G;&; 7>8M:#$F# 

6>$878(G6) (Biely 2003) 56H@) 56( B(6 $;# 76>6BFB% D(856"&GµF# (Dodd and Cann 

2009). 

1.1.4.1 /6 98µ(5E ?6>65$;>(&$(5E $F# GH10s 

. 8(58BC#'(6 10 $;) DE&;) 9'98µC#F# CAZy 6#%5'( &$;# 8µE96 GH-O (Clan 

GH-A) :A6 $6 µCA; $;) 878G6) 76>8"&(E48"# $;# 6#69G7AF&; 78" ?6>65$;>G4'$6( 

F) (D/6)8 D6>CA(. /6 6µ(#8JC6 78" 6#$(&$8(?8=# &$8 56$6A"$(5: 8J=/DE&; 56( &$8 

7">;#:<(A8 D>G&58#$6( &$8 $CA8) $F# D-7$"?F$@# <=AAF# 4 56( 7, 6#$G&$8(?6 
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(Harris, Jenkins et al. 1994; Lo Leggio, Kalogiannis et al. 1999). I'98µC#;) $;) 

µ'BEA;) '$'>8BC#'(6) &' :,$( 6<8>E $; 9>6&$(5:$;$6 $F# '#4=µF# 78" 76>8"&(E48"# 

6"$%# $;# 6#69G7AF&;, 'G#6( &6<C) :$( ; '#4"µ(5% A'($8">BG6 56H8>G4'$6( 67: 

'7(µC>8") 98µ(5E ?6>65$;>(&$(5E 56( :?( 67: $; &"#8A(5% 3D 9(6µ:><F&; 78" 

A6µDE#8"# &$8 ?@>8.  

. HC&; 7>:&9'&;) $8" "78&$>@µ6$8) (&"#%HF) J"AE#;)) ?F>G4'$6( &' 

'7(µC>8") "78-5C#$>6 &=#9'&;), &"#%HF) 4-7, (Biely, Kratky et al. 1981), ; 

$878A8BG6 $F# 878GF# 9(6<C>'( &;µ6#$(5E 65:µ6 56( µ'$6J= J"A6#6&@# 78" 

76>8"&(E48"# "S;A: 78&8&$: 8µ8A8BG6) (Charnock, Spurway et al. 1998). /6 

6µ(#8JC6 78" 9(6µ8><@#8"# $6 "78-5C#$>6 6"$E 56H8>G48"# $; <=&; $F# 

6AA;A'7(9>E&'F# µ'$6J= $8" '#4=µ8" 56( $F# µ8#8µ'>@# $;) J"A:4;). W'#(5E, ; 

&=#9'&; $8" BA"58= µC>8") $8" &65?E>8" («-» "78-5C#$>6) &' &?C&; µ' $8 EBA"58 

(«+» "78-5C#$>6) BG#'$6( µ' 7(8 (&?">C) 56( '(9(5C) 6AA;A'7(9>E&'() 78" 

7'>(A6µDE#8"# 5">GF) 9'&µ8=) "9>8B:#8" 56( 6AA;A'7(9>E&'() '7(&$8GD6&;), C$&( 

@&$' #6 9(6µ8><@#8"# 56( $;# 'J'(9G5'"&; $;) 5EH' J"A6#E&;) F) 7>8) $; <=&; 

$8" "78&$>@µ6$8) 78" 6"$% "9>8A='( (Schmidt, Gubitz et al. 1999). L(8 7>:&<6$; 

µ'AC$;, F&$:&8, 6#C9'(J' $; &;µ6&G6 $F# 6µ(#8JCF# 78" D>G&58#$6( &$6 «+» "7:-

5C#$>6, ; 6AA6B% $;) 9(6µ:><F&;) $F# 878GF# µ' $; µ'$6D8A% $;) H'>µ85>6&G6) 

'7;>C64' $8# $>:78 9>E&;) µG6)  H'>µ:<(A;) J"A6#E&;) (Santos, Meza et al. 2010). 

3'BEA8) 'G#6( 8 6>(Hµ:) $F# 98µ(5@# µ'A'$@# B=>F 67: $() J"A6#E&') $;) 

8(58BC#'(6) GH10 56H@) 56( 8( '<6>µ8BC) 78" C?8"# 7>85=S'( 67: $6 

678$'AC&µ6$6 $F# µ'A'$@# 6"$@#. . 6#EA"&; $;) 5>"&$6AA8B>6<(5%) 98µ%) $F# 

J"A6#6&@#, F) &"µ7A:5F# µ' 9(E<8>8") "7856$6&$E$') 56( 8 56$'"H"#:µ'#8) 67: 

$; 98µ% &?'9(6&µ:) µ'$6AA6BµC#F# '#4=µF# C?8"# &"µDEAA'( &$; 9(6A'=56#&; $F# 

&?C&'F# 98µ%) 56( A'($8">BG6) 56( $8 &?'9(6&µ: 7(8 678$'A'&µ6$(5@# 56( &$6H'>@# 

D(856$6A"$@# (Lo Leggio, Kalogiannis et al. 2001; Ihsanawati, Kumasaka et al. 2005; 

Gallardo, Pastor et al. 2010). +7(7AC8#, 7>8&9(8>(&µ:) $;) $>(&9(E&$6$;) 98µ%) $8" 

7>F$'M#(58= 6#6&$8AC6 XIP-1 F) &"µ7A:58" µ' µG6 J"A6#E&; $;) 8(58B'#'G6) 

GH10 56( µG6 $;) GH11 '7C$>'S' $; 9(6A'=56#&; $8" µ;?6#(&µ8= 76>'µ7:9(&;) 

$F# J"A6#6&@# 56$E $;# Eµ"#6 $F# <"$(5@# 8>B6#(&µ@# C#6#$( '(&D8ACF# 

µ"5;$(65%) 56( D65$;>(65%) 7>8CA'"&;) (Payan, Leone et al. 2004).  
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1.2 . 5>"&$6AA8B>6<G6 65$G#F#-K F) '>B6A'G8 B(6 $; µ'AC$; 

D(856$6A"$@# 78" 67898µ8=# $;# ;µ(5"$$6>G#;. 

1.2.1 L>F$'M#(5% 5>"&$6AA8B>6<G6 - '(&6BFB% 

/8 '7(&$;µ8#(5: 7'9G8 78" 6<8>E &$; &"&$;µ6$(5% 56( &<6(>(5% µ'AC$; $;) 

56$6#8µ%), $>87878G;&;) 56( 6AA;A'7G9>6&;) $F# B8#(9(65@# 7>8M:#$F# (&"#%HF) 

7>F$'M#@#) 'G#6( '">CF) B#F&$: F) X'($8">B(5% W'#8µ(5% (Functional Genomics) 

56( &;µ6#$(5:) 5AE98) $;) 'G#6( ; I8µ(5% W'#8µ(5% (Structural Genomics). . 

$'A'"$6G6 C?'( F) 6#$(5'Gµ'#8 $8# &"&$;µ6$(5: 7>8&9(8>(&µ: $;) 98µ%) $F# 

7>F$'M#@# B(6 $;# 56$6#:;&; $;) <"&(8A8BG6) $F# 5"$$E>F# &' µ8>(65: '7G7'98 

(Heinemann, Illing et al. 2001). 3G6 67: $() 7AC8# 9(69'98µC#') $'?#(5C) B(6 $8# 

7>8&9(8>(&µ: $;) 98µ%) $F# 7>F$'M#@# &' "S;A% 9(65>($(5% (56#:$;$6 'G#6( ; 

5>"&$6AA8B>6<G6 65$G#F#-K. /8 87% $F# 56$6$'H'(µC#F# 98µ@# &$; DE&; 

9'98µC#F# Protein Data Bank, PDB C?'( 7>8&9(8>(&$'G µ' 6"$% $; µCH898 

(I(EB>6µµ6 1.1). !$; >6B96G6 'JE7AF&; $;) 7>F$'M#(5%) 5>"&$6AA8B>6<G6) 

&"#CD6AA6# ; ?>%&; $;) &"B?>8$>8#(5%) 65$(#8D8AG6) 67: $() 6>?C) $;) 9'56'$G6) 

$8" ’80, ; &"AA8B% 9'98µC#F# "7: 5>"8B'#'G) &"#H%5'), ; '<6>µ8B% $;) µ'H:98" 

$;) 6#@µ6A;) &5C96&;) B(6 $8# 7>8&9(8>(&µ: $F# <E&'F# ($'?#(5% 

MAD:3ultiwavelength Anomalous Dispersion) (6>?C) 9'56'$G6) ’90) 56( <"&(5E ; 

?6>$8B>E<;&; $8" B8#(9(@µ6$8) $8" 6#H>@78" (2001) 56H@) 56( 78AA@# EAAF# 

8>B6#(&µ@# &' &"#9"6&µ: µ' $() $'?#(5C) $;) µ8>(65%) D(8A8BG6) 78" 89%B;&6# &' 

µG6 C5>;J; $8" 9(6HC&(µ8" 7>8) C>'"#6 "A(58= (Jaskolski 2010). /6 

5>"&$6AA8B>6<(5E µ8#$CA6 µ65>8µ8>GF# "S;A%) 9(65>($(5%) (56#:$;$6) 

&"µDEAA8"# &$; 9(6A'=56#&; $F# µ;?6#(&µ@# 9>E&;) $F# '#4=µF# 56H@) 56( $8# 

56$'"H"#:µ'#8 67: $; 98µ% &?'9(6&µ: <6>µE5F# % EAAF# D(89>6&$(5@# '#@&'F#. 



!#)!

 

I(EB>6µµ6 1.1 O>(Hµ:) 98µ@# D(8µ8>GF# 78" C?8"# 7>8&9(8>(&$'G 6#E C$8) µ' 
5>"&$6AA8B>6<G6 65$G#F#-K (7>E&(#') >ED98(), 7">;#(5: µ6B#;$(5: &"#$8#(&µ: 
(µ6=>') >ED98() 56( ;A'5$>8#(5% µ(5>8&587G6 (5:55(#') >ED98(). L;B%: 
http://www.rcsb.org/pdb/static.do?p=general_information/pdb_statistics/index.html 

 

1.2.2 N6&(5C) 6>?C) $;) µ'H:98" 

. D6&(5% 6>?% $;) 5>"&$6AA8B>6<G6) 65$G#F#-K &$;>G4'$6( &$;# 7'>GHA6&; 

$F# 65$G#F#-K 67: C#6# 5>=&$6AA8 $8" µ65>8µ8>G8". 2( 65$G#')-K 9(65>G#8#$6(  &' 

«µ6A65C)» µ' µ%58) 5=µ6$8) µ'$6J= 10 – 0.1 nm 56( «&5A;>C)», µ' µ%58) 5=µ6$8) 

µ'$6J= 0.1-0.01 nm. H ?>%&; $;) &"B5'5>(µC#;) 65$(#8D8AG6) 'G#6( 6"$% 78" 

'7($>C7'( $; &"AA8B% 98µ(5@# 7A;>8<8>(@# &' 6$8µ(5% 9(65>($(5% (56#:$;$6 (10-10 

m), 56H@) &' :A') $() $'?#(5C) µ(5>8&587G6) ; 9(65>($(5% (56#:$;$6 56H8>G4'$6( 67: 

$8 µ%58) 5=µ6$8) $;) ?>;&(µ878(8=µ'#;) 65$(#8D8AG6).  
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+(5:#6 1.11 /8 <E&µ6 $;) ;A'5$>8µ6B#;$(5%) 65$(#8D8AG6) (L;B%: 
http://en.wikipedia.org/wiki/File:EM_spectrum.svg). 

. 7'(>6µ6$(5% 9(E$6J; 7'>(A6µDE#'( $;# $878HC$;&; $8" 5>"&$EAA8" &' 

BF#(8&$E$; 56( $;# C5H'&% $8" &' '"H"B>6µµ(&µC#; 9C&µ; 65$G#F#-K µ%58") 

5=µ6$8) ~0.6 µ' 2.3 Å 56H@) 7'>(&$>C<'$6( 9(69o?(5E 56$E µ(5>% 5EH' <8>E BF#G6. 

/6 6#$G&$8(?6 7'>(HA6&(B>Eµµ6$6 56$6B>E<8#$6( 67: 6#(?#'"$%. 3' ?>%&; 

$'?#(5@# 78" 7'>(B>E<8#$6( 76>65E$F 8 5>"&$6AA8B>E<8) ?>;&(µ878('G $6 

7'(>6µ6$(5E 6"$E 9'98µC#6 B(6 $8# "78A8B(&µ:  $;) ;A'5$>8#(65%) 7"5#:$;$6 $8" 

µ65>8µ8>G8" 56( $;#  56$6&5'"% $8" µ8>(658= µ8#$CA8" B(6 $8# 7>8&9(8>(&µ: $;) 

$>(&9(E&$6$;) 98µ%) (!?%µ6 1.1). 

W(6 $;# 76>6BFB% 65$G#F#-K ?>;&(µ878(8=#$6( $>'() 9(6<8>'$(58G $=78( 7;B@#: 8( 

&"µD6$(5C) 7;BC) 65$G#F#-K, $6 &=B?>8$>8# 56( 8( 7;BC) Compton. 2( &"µD6$(5C) 

7;BC) 65$G#F#-K 676#$@#$6( &"#%HF) &' '>'"#;$(5E '>B6&$%>(6 56( 9(65>G#8#$6( &' 

A"?#G') 56( 7'>(&$>'<:µ'#') 6#:98"). 2( 65$G#')-K 76>EB8#$6( 67: '7($6?"#:µ'#6 

;A'5$>:#(6 $6 878G6 '57Cµ78#$6( 67: µG6 7;B% "S;A%) $E&;) 56( 7>8&7G7$8"# &' 

C#6 µ'$6AA(5: &$:?8 (7.?. Cu). 3' $8# $>:78 6"$: 7>8&9G98"# '#C>B'(6 ; 878G6 

9('B'G>'( $6 ;A'5$>:#(6 $F# '&F$'>(5@# &$8(DE9F# $F# 6$:µF# $8" &$:?8". 16$E $8 

&$E9(8 $;) 6789(CB'>&;) $6 ;A'5$>:#(6 "S;A:$'>F# '#'>B'(65E &$8(DE9F# 

56$6A6µDE#8"# ?6µ;A:$'>') '#'>B'(65E HC&'() 76>EB8#$6) 65$(#8D8AG6 K µ' 

'#C>B'(6 $;) $EJ;) $F# 5(A8-;A'5$>8#(8D:A$ (keV). PS;A:$'>;) '#C>B'(6) 65$G#')-

K 76>EB8#$6( &$() &"B?>8$>8#(5C) 'B56$6&$E&'() (+(5:#6 1.12). O"$C) 

7'>(A6µDE#8"#  



!$+!

 

!?%µ6 1.1 !?;µ6$(5% 6#676>E&$6&; $;) 9(69(56&G6) 78" 658A8"H'G$6( B(6 $8# 
7>8&9(8>(&µ: $;) 5>"&$6AA8B>6<(5%) 98µ%) '#:) µ65>8µ8>G8". 2 5>=&$6AA8) 
'5$GH'$6( &$() 65$G#')-K (1), 56$6B>E<8#$6( $6 6#$G&$8(?6 7'>(HA6&(B>Eµµ6$6 67: 
6#(?#'"$%,(2) '7'J'>BE48#$6( µ' '(9(5: A8B(&µ(5: 56( '# &"#'?'G6 7>8&9(8>G4'$6( ; 
;A'5$>8#(65% 7"5#:$;$6 (3) µC&6 &$;# 878G6 56$6&5'"E4'$6( $8 µ8>(65: µ8#$CA8 
(4). (L;B% '(5:#6) 5>"&$EAA8": UCDavis/ChemWiki). 

$'>E&$(8") 965$"AG8") 56( (&?">8=) ;A'5$>8µ6B#%$') 8( 878G8( 9(6&<6AG48"# $;# 

56µ7=A; $>8?(E ;A'5$>8#GF# "S;A%) '#C>B'(6) ($;) $EJ;) $F# B(B6-;A'5$>8#(8D:A$ 

(GeV)). 3'$E 67: $;# 6>?(5% $8") '7($E?"#&;, $6 ;A'5$>:#(6 '(&C>?8#$6( &$8 

965$=A(8 :78" 9(6$;>8=# &$6H'>% '#C>B'(6 6AAE "<G&$6#$6( BF#(65% '7($E?"#&; 

&$8 '&F$'>(5: $F# µ6B#;$@# 5EµS;) (bending magnets) µ' 678$CA'&µ6 $;# 

'578µ7% ;A'5$>8µ6B#;$(5%) 65$(#8D8AG6) 9(6<:>F# µ;5@# 5=µ6$8) 67: $;# 

7'>(8?% $F# µ(5>85"µE$F# µC?>( $() &5A;>C) 65$G#')-K (Dauter, Jaskolski et al. 

2010). +7(7>:&H'$6, &"&$%µ6$6 78" '<E7$8#$6( &$8 965$=A(8 678H%5'"&;) :7F) 

5E$87$>6 '&$G6&;) 56( µ8#8?>FµE$8>'), 76>C?8"# $'A(5E µ8#8?>Fµ6$(5% 9C&µ; 

65$G#F#-K '7(H"µ;$8= µ%58") 5=µ6$8) B(6 9(E<8>') '<6>µ8BC) (Rhodes 1999). 2( 

7;BC) Compton, $CA8), 78" 678$'A8=# 7'9G8 "7: 6#E7$"J;, ?>;&(µ878(8=# '(9(5E 

lasers B(6 #6 9('B'G>8"# 9C&µ; ;A'5$>8#GF# 56( #6 7>856AC&8"# µ' $8# $>:78 6"$: 

$;# '578µ7% 65$G#F#-K.  



! $"!

 

+(5:#6 1.12 . 7;B% &"B?>8$>8#(5%) 65$(#8D8AG6) Diamond 78" D>G&5'$6( &$;# 
OBBAG6 (Harwell Science and Innovation Campus, Oxfordshire). L;B%: 
http://www.diamond.ac.uk/Home/Media/images.html. 

 

1.2.3.1 . <=&; $F# 7>F$'M#(5@# 5>"&$EAAF# 

W(6 $8# 7>8&9(8>(&µ: $;) $>(9(E&$6$;) 98µ%) µG6) 7>F$'U#;) 676($'G$6( ; 

6#E7$"J; 5>"&$EAAF#, 7'>(89(5@# 9;A69% 9(6$EJ'F# 67: &$8(?'(@9'() 98µ(5C) 

µ8#E9') (µ8#69(6G') 5"S'AG9')) 8( 878G') 7'>(A6µDE#8"# $8 "7: µ'AC$; D(8µ:>(8. . 

5>"&$EAAF&; 'G#6( 676>6G$;$; 56H@) ; 7'>GHA6&; $F# 65$G#F#-K 67: C#6 µ:#8 

µ:>(8 H6 %$6# 'J6(>'$(5E 6&H'#%) 56( µ; 6#(?#'=&(µ;. 2( 5>=&$6AA8( 9;A69% 

A'($8">B8=# F) '#(&?"$C) $8" &%µ6$8) 7'>GHA6&;). 1EH' µ8#69(6G6 5"S'AG96 

8>G4'$6( 67: $>'() 65µC) a, b, c 56( $>'() BF#G') 6, D, B 56( µ78>'G #6 

6#656$6&5'"6&H'G 67: µ(5>:$'>6 $µ%µ6$6, 6&=µµ'$>') µ8#E9'), $8 7A%H8) $F# 

878GF# 'G#6( 7'7'>6&µC#8 56( "76B8>'='$6( 67: $;# 8µE96 ?@>8" &"µµ'$>G6) $8" 

5>"&$EAA8" B(6 5EH' 7ACBµ6. . 6&=µµ'$>; µ8#E96 7'>(C?'( :A') $() 7A;>8<8>G') 

78" 676($8=#$6( B(6 $;# 6#656$6&5'"% $;) µ8#69(6G6) 5"S'AG96) µ' $;# '<6>µ8B% 

$F# 56$EAA;AF# $'A'&$@# &"µµ'$>G6) (+(5:#6 1.13).  

 



!$#!

 

+(5:#6 1.13. !?;µ6$(5% 6#676>E&$6&; $;) 6&=µµ'$>;) µ8#E96) (asymmetric unit, 
a), 67: $;# 878G6 µ' '<6>µ8B% 56$EAA;AF# $'A'&$@# &"µµ'$>G6) (space group 
symmetry operations, b) 7>85=7$'( ; µ8#69(6G6 5"S'AG96 (unit cell, c). O7: $;# 
'76#EA;S; $;) µ8#69(6G6) 5"S'AG96) &' 9(6$'$6BµC#; µ8><% &?;µ6$G4'$6( 8 
5>=&$6AA8) (d) (L;B% '(5:#6): A. McPherson, 2008, EMBO PEPC6 Course). 

 

2( µ65>8µ8>(658G 5>=&$6AA8( 678$'A8=#$6( 67: 7'>G78" 50% 9(6A=$; 

(78&8&$: F&$:&8 78" µ78>'G #6 5"µ6G#'$6( 67: 25 CF) 90% 6#EA8B6 µ' $; <=&; 

$8" µ65>8µ8>G8") 8 878G8) 56$6#Cµ'$6( &' «56#EA(6» µ'$6J= $F# 7>F$'M#(5@# 

µ8>GF#. 2( 9(6µ8>(65C) 6AA;A'7(9>E&'() (BC<">') EA6$8), "9>8B:#8" 56( 8( 

"9>8<8D(5C) 6AA;A'7(9>E&'()) 'G#6( 78A= A(B:$'>') 67: 6"$C) 78" &"#6#$@#$6( &' 

5>"&$EAA8") 58(#@# µ8>GF#. W(6 $8 A:B8 6"$: 8( 7>F$'M#(58G 5>=&$6AA8( 'G#6( 

&"#%HF) 7(8 µ(5>8= µ'BCH8"), 7(8 '=H>6"&$8( '#@ 7'>(HA8=# $() 65$G#')-K 78A= 7(8 

6&H'#@). +G#6( '"6G&H;$8( &$; H'>µ85>6&G6 56( 56$6&$>C<8#$6( µ'$E 67: 

76>6$'$6µC#; C5H'&; &' 65$(#8D8AG6 A:BF &?;µ6$(&µ8= 'A'=H'>F# >(4@# 56( 

56$6&$>8<%) $8" 5>"&$6AA(58= 7ACBµ6$8) (Garman 1999). . 76>8"&G6 "S;A@# 



! $$!

78&8&$@# 9(6A=$;, 78" 678$'A'G &;µ6#$(5: 76>EB8#$6 'J6&HC#(&;) $8" &%µ6$8) 

7'>GHA6&;), &"µDEAA'( $6"$:?>8#6 56( &$; 9(6$%>;&; $F# 98µ(5@# 56( D(8A8B(5@# 

(9(8$%$F# $F# µ65>8µ8>GF# 78" '(&C>?8#$6( &$8# 5>=&$6AA8, B'B8#:) 78" '7($>C7'( 

$; µ'AC$; $8") µ' $; 9(E?"&; "78&$>FµE$F#, &"#'#4=µF#, 76>'µ789(&$@#, 

7>8&9'$@# % (:#$F# µC&6 56( CJF 67: $8 7ACBµ6 (Rupp 2009). 

 

1.2.3.2 1>"&$EAAF&; 7>F$'M#@# 

. 5>"&$EAAF&; '#:) µ8>G8" 56( B'#(5:$'>6 878(6&9%78$' ?;µ(5%) 8"&G6) 

&"µ7'>(A6µD6#8µC#F# $F# 7>F$'M#@# 7>6Bµ6$878('G$6( &' 9=8 9(6<8>'$(5E F&$:&8  

6AA;A8'J6>$@µ'#6 &$E9(6: 6) $;# 7">%#F&; 56( D) $;# 6#E7$"J; $8" 

5>"&$EAA8". . 7">%#F&; 'G#6( C#6 <6(#:µ'#8 9=&58A8 #6 7>8&'BB(&$'G $:&8 

H'F>;$(5E :&8 56( 7'(>6µ6$(5E 56H:$( 7>:5'($6( B(6 6AA6B% <E&;) 7>@$;) $EJ;) 

56$E $;# 878G6 $6 µ:>(6 µ'$6D6G#8"# 67: µG6 $'A'GF) $"?6G6 &' µG6 8>B6#FµC#; 

9(E$6J;. +G#6( 7(H6#: 6"$: #6 &"µD6G#'( µC&F $8" &?;µ6$(&µ8= µ'>(5@) 98µ;µC#F# 

% 76>65>"&$6AA(5@# '#9(6µC&F# - &' 6"$% $;# 7'>G7$F&; 7>F$'M#(5@# 

&"&&Fµ6$FµE$F# - $6 878G6 $'A(5E µ'$6$>C78#$6( &' µ(5>C) 8>B6#FµC#') 98µC), 

$8") «5>G&(µ8") 7">%#')» (McPherson 2004). O#6B56G6 7>8[7:H'&; B(6 $;# 

5>"&$EAAF&; $F# µ65>8µ8>GF# 'G#6( ; 9;µ(8">BG6 56$E&$6&;) "7'>58>'&µ8= 

(I(EB>6µµ6 1.2). L>:5'($6( B(6 µG6 H'>µ89"#6µ(5E 6&$6H% 56$E&$6&; 56$E $;# 

878G6 ; µ65>8µ8>(65% 8"&G6 D>G&5'$6( &' 9(6A"µC#; µ8><% '#@ 8( <"&(58?;µ(5C) 

&"#H%5') $8" 9(6A=µ6$8) D>G&58#$6( '5$:) $8" 8>G8" 9(6A"$:$;$E) $;). . (&8>>87G6 

67856HG&$6$6( µ' $o &?;µ6$(&µ: &$'>'%) <E&;) :7F) 'G#6( 8( 5>=&$6AA8( µC?>( #6 

67856$6&$6H'G ; 56$E&$6&; 58>'&µ8=. 2 "7'>58>'&µ:) '7($"B?E#'$6( µ' 6AA6B% 

$F# (9(8$%$F# '#:) 65:>'&$8" 9(6A=µ6$8) $8" D(8µ8>G8" C$&( @&$' #6 µ'(FH'G ; 

9(6A"$:$;$E $8" % #6 6"J;H8=# 8( 'A5$(5C) 9"#Eµ'() µ'$6J= $F# 9(6A"µC#F# µ8>GF#. 

O"$: BG#'$6( µ' 9(E<8>8") $>:78") :7F) 6) 6AA6B% $;) (8#$(5%) (&?=8) (7>8&H%5; 

EA6$8)) D) 6AA6B% $F# 'A5$(5@# 9"#Eµ'F# µ'$6J= $F# 7>F$'M#(5@# µ8>GF# (6AA6B% 

pH, 7>8&H%5; (:#$F# 78" "78D8;H8=# $; &=4'"J; $F# µ8>GF# B) 6AA6B% $;) <=&;) 

$F# 6AA;A'7(9>E&'F# µ'$6J= $F# 7>F$'M#(5@# µ8>GF# 56( $8" 9(6A=$; (7>8&H%5; 

78A"µ'>@# % (:#$F#) 9) 6AA6B% H'>µ85>6&G6). 



!$%!

I(EB>6µµ6 1.2 !?;µ6$(5% 67'(5:#(&; $8" 9(&9(E&$6$8" 9(6B>Eµµ6$8) <E&'F# &$8 
878G8 "789'(5#=8#$6( '7(7AC8# $6 &$E9(6 7">%#F&;). /6 µ:>(6 #'>8= 
67'(58#G48#$6( F) B6AE4(') &<6G>') 56( $6 µ:>(6 76>EB8#$6 56HG4;&;) F) µ7A' 
'AA'GS'(). . µ'$6&$6H%) 56( ; 6&$6H%) 4@#; 6#$(&$8(?8=# &' 56$E&$6&; 
"7'>58>'&µ8= '#@ 56$E $;# 5>"&$EAAF&; $F# 7>F$'M#@# '7(9(@5'$6( ; µ'$ED6&; 
&$; 4@#; 6"H:>µ;$;) 8µ8B'#8=) 7">%#F&;) (Rupp 2009).  

. 7'(>6µ6$(5% 9(E$6J; 78" ?>;&(µ878('G$6( B(6 $;# 5>"&$EAAF&; $F# 

7>F$'M#@# 'G#6( &?'$(5E 67A%. !' 69>C) B>6µµC), ; 7>F$'U#; 9(6A"$878('G$6( &' %7(8 

>"Hµ(&$(5: 9(EA"µ6, 6#6µ(B#='$6( µ' $8 9(EA"µ6 5>"&$EAAF&;) µC&6 &' C#6 5A'(&$: 

&=&$;µ6 56( $8 µGBµ6 6<%#'$6( #6 <HE&'( &' 56$E&$6&; (&8>>87G6) µC?>( '5'G 78" 

'7($>C7'( ; 5(#;$(5% $8" &"&$%µ6$8). I(E<8>') $'?#(5C) 5>"&$EAAF&;) µ' 

76>6AA6BC) F) 7>8) $8# $>:78 6#Eµ(J;) 56( 'J(&8>>:7;&;) C?8"# 6#67$"?H'G, :7F) 

'G#6( ; $'?#(5% Eµ'&;) 7>8&H%5;) 76>EB8#$6 56$65>%µ#(&;) (Batch), ; $'?#(5% 

'JE$µ(&;) 56( 9(E?"&;) $F# 6$µ@# (Vapour diffusion), ; 9(67G9"&; (Dialysis) 56( ; 

9(E?"&; 'A'=H'>;) '7(<E#'(6) (Free-interface diffusion). . 7(8 &"?#E 

?>;&(µ878(8=µ'#; 'G#6( ; $'?#(5% 9(E?"&;) $F# 6$µ@# µ' 5>'µEµ'#; % 56H%µ'#; 

&$6B:#6 (+(5:#6 1.14). . 9(E$6J; 7'>(A6µDE#'( 5A'(&$: &=&$;µ6 $8 878G8 



! $&!

678$'A'G$6( 67: C#6 D8H>G8 78" <C>'( $; &$6B:#6 (µGBµ6 7>F$'U#;) 56( 9(6A=µ6$8) 

5>"&$EAAF&;)) 56( µG6 9'J6µ'#% µ' 9(EA"µ6 5>"&$EAAF&;). /8 9(EA"µ6 $;) 

9'J6µ'#%) 678>>8<E 6$µ8=) =96$8) 67: $; &$6B:#6 A:BF $;) 9(6<8>E) &$; 

&"B5C#$>F&; $F# '7(µC>8") &"&$6$(5@# $8". . 9' 7>F$'U#; 78" D>G&5'$6( &$; 

&$6B:#6 89;B'G$6( µ' $8# $>:78 6"$: &' 56$E&$6&; "7'>58>'&µ8= 56( 56$’'7C5$6&; 

&' 6#E7$"J; 5>"&$EAAF#.   

 

+(5:#6 1.14. O7'(5:#(&; $;) 7'(>6µ6$(5%) 9(E$6J;) $;) $'?#(5%) 9(E?"&;) µ' 
5>'µEµ'#; (6>(&$'>E) 56( 56H%µ'#; (9'J(E) &$6B:#6.  

/6 $'A'"$6G6 ?>:#(6 C?8"# BG#'( &;µ6#$(5C) 7>8&7EH'(') B(6 $;# 

6"$8µ6$878G;&; $;) 9(69(56&G6) 5>"&$EAAF&;) µ' $; ?>%&; >8µ7:$ $:&8 B(6 $;# 

76>6&5'"% $F# 9(6A"µE$F# :&8 56( B(6 $;# 7>6Bµ6$878G;&; 56( 76>658A8=H;&; 

$F# 7'(>6µE$F# 5>"&$EAAF&;). W(6 76>E9'(Bµ6, >8µ7:$ 56$6&5'"6&µC#8 &$8 

0#&$($8=$8 Hauptman-Woodward $F# ..L.O. µ78>'G #6 '5$'AC&'( 9200 7'(>Eµ6$6 

$;# @>6 '#@ 78AAE 'µ78>(5E 9(6HC&(µ6 µ;?6#%µ6$6 'G#6( 7AC8# &$; 9(EH'&; 56( 

µ(5>:$'>F# '>B6&$;>GF# 98µ(5%) D(8A8BG6) &' :A8 $8# 5:&µ8 (Sharff and Jhoti 

2003). +5$:) 67: $; µ'GF&; $8" 7'(>6µ6$(58= ?>:#8" 56( $; 9"#6$:$;$6 &E>F&;) 

µ'B6A=$'>8" 7A%H8") 6>?(5@# &"#H;5@# 5>"&$EAAF&;), ; 6"$8µ6$878G;&; 

&"#CD6AA' 56( &$; µ'GF&; $;) 676($8=µ'#;) 78&:$;$6) 7>F$'U#;) ?E>; &$; 

9"#6$:$;$6 ?'(>(&µ8= 78A= µ(5>@# :B5F# 9(6A"µE$F# ($;) $EJ;) 65:µ6 56( µ'>(5@# 

nl) (Chayen 2009). QA6 $6 76>67E#F &"#CD6AA6# &;µ6#$(5E &$;# 6=J;&; $8" 

78&8&$8= '7($"?G6) $F# 7>8&76H'(@# 5>"&$EAAF&;) $F# 7>F$'M#@#-&$:?F# 

$6?=$'>6, ?F>G) F&$:&8 #6 'G#6( &' HC&; #6 6#$(56$6&$%&8"# $;# 'µ7'(>G6 $8" 

7'(>6µ6$(&$% 56( #6 56$6&$%&8"# $;# 5>"&$EAAF&; µG6 9(69(56&G6 >8"$G#6). 

 



!$'!

1.2.4 L'>GHA6&; 65$G#F#-K 

 16$E $;# C5H'&; $8" 

5>"&$EAA8" &' 65$G#')-K 

56$6B>E<8#$6( $6 7'>(HA6&(B>Eµµ6$6 

78" 7>85=7$8"# 67: $; &5C96&; $F# 

65$G#F# 67: $6 ;A'5$>:#(6 $F# 

6$:µF# $8" 5>"&$6AA(58= 7ACBµ6$8), 

<6(#:µ'#8 78" 7'>(B>E<;5' 7>@$6 

67: $8# Lawrence Bragg $8 1913 

(+(5:#6 1.15).  

 

 !"µ<F#6 µ' $8 #:µ8 $8" 

Bragg, ; 7'>GHA6&; µ78>'G #6 

7'>(B>6<'G F) 6#E5A6&; &' C#6 

&=#8A8 '7(7C9F# $8" 7ACBµ6$8) 78" (&67C?8"# µ'$6J= $8"). . 'JG&F&; $8" Bragg 

76>C?'( C#6 78&8$(5: &"&?'$(&µ: µ'$6J= $F# 678&$E&'F# $F# 7'>(HA6&$(5@# 

'7(7C9F# (dhkl) 56( $;) BF#G6) 7'>GHA6&;) 2#: 

nA=2 dhkl sin# 

 

 

!?%µ6 1.2 !?;µ6$(5% 67'(5:#(&; $8" #:µ8" $8" Bragg. 

 



! $(!

. 7'>(HA@µ'#; 65$(#8D8AG6 µ78>'G #6 H'F>;H'G F) C#6 5=µ6 7AE$8") |F| 56( 

<E&;) ! 56( 7'>(B>E<'$6( 67: $;# 'JG&F&;: 

F(hkl)= |F(hkl)| " exp[i!(hkl)] 

/8 5=µ6 F(hkl) 56A'G$6( 98µ(5:) 76>EB8#$6)  $;) 6#E5A6&;) hkl 78" 6#$(&$8(?'G &$8 

'7G7'98 7'>GHA6&;) 78" 8>G4'$6( 67: $8") $>'() 6"$8=) 9'G5$') (9'G5$') Miller). . 

67:&$6&; µ'$6J= $F# '7G µC>8") '7(7C9F# 7'>GHA6&;) 56A'G$6( F) 7'>(HA6&$(5% 

(56#:$;$6, dhkl. W(6 5EH' 6#E5A6&; hkl, 8 F(hkl) µ78>'G #6 "78A8B(&$'G µC&F 

µ'$6&?;µ6$(&µ8= Fourier $;) ;A'5$>8#(65%) 7"5#:$;$6) $ 56( 7'>(B>E<'$6( 

µ6H;µ6$(5E 67: $;# 76>65E$F 'JG&F&;: 

 

I;A69% 8 98µ(5:) 76>EB8#$6) B(6 5EH' 6#E5A6&; hkl 7>85=7$'( F) $8 8A85A%>Fµ6 

&' :A8 $8# :B58 (dV) $;) µ8#69(6G6) 5"S'AG96) $8" 5>"&$EAA8" $8" B(#8µC#8" $;) 

;A'5$>8#(65%) 7"5#:$;$6) $(xyz) µ' $8 µ(B69(5: 6>(Hµ: exp[27i(hx+ky+lz)] 2( 

&"#$'$6BµC#') x,y,z 7'>(B>E<8"# $; 9(E$6J; $F# 6$:µF# &$; µ8#69(6G6 5"S'AG96 

56( 'G#6( 5A6&µ6$(5C) &"#$'$6BµC#') $F# 65µ@# a, b, c, 6#$G&$8(?6. 2( µ'$>%&'() 

$F# 7'(>6µE$F# 7'>GHA6&;) BG#8#$6( &$8# 6#$G&$>8<8 ?@>8 78" &"#9C'$6( µ' $8# 

8>H: µC&F µ'$6&?;µ6$(&µ8= Fourier. 2( 76>EB8#$') 98µ%) 'G#6( &$8(?'G6 $8" 

6#$G&$>8<8" ?@>8" '#@ ; ;A'5$>8#(65% 7"5#:$;$6 $8" 8>H8=. 

3' DE&; $6 7>8;B8=µ'#6 ; ;A'5$>8#(65% 7"5#:$;$6 'G#6( 8 6#$G&$>8<8) 

µ'$6&?;µ6$(&µ:) Fourier (FT-1) $8" 7'>(HA6&(B>Eµµ6$8). !$;# 7'>G7$F&; 6"$%, 

'7'(9% $8 7'>(HA6&GB>6µµ6 678$'A'G$6( 67: 9(65>($C) 7'>(HAE&'() 8 

µ'$6&?;µ6$(&µ:) 'G#6( C#6 EH>8(&µ6 56( :?( 8A85A%>Fµ6: 

 

O7: $6 7'>(HA6&(B>Eµµ6$6 78" 7>85=7$8"# 56$E $;# 7'(>6µ6$(5% 9(69(56&G6 'G#6( 

9"#6$: #6 7>8&9(8>(&$8=# 8( '#$E&'() $F# 7'>(HAE&'F# 67: $() 878G') 7>85=7$'( 56( 

$8 7AE$8) |F(hkl)|, :?( :µF) ; <E&; !, B'B8#:) 78" &$;# 5>"&$6AA8B>6<G6 

6#6<C>'$6( F) 7>:DA;µ6 $F# <E&'F#.  



!$)!

1.2.5 /'?#(5C) 7>8&9(8>(&µ8= $;) 98µ%) µ' 5>"&$6AA8B>6<G6 65$G#F#-K 

  /8 7>:DA;µ6 $F# <E&'F# 6#$(µ'$F7G4'$6( µ' $;# '<6>µ8B% 56$EAA;AF# 

7'(>6µ6$(5@# 56( "78A8B(&$(5@# µ'H:9F# µ' 5">(:$'>') $; µ8>(65% 6#$(56$E&$6&; 

(Molecular Replacement, MR), $;# (&:µ8><; 6#$(56$E&$6&; (Isomorphous 

Replacement), $; µCH898  $;) 6#@µ6A;) &5C96&;) (Single/Multiwavelength 

Anomalous Diffraction, SAD/MAD) 56( $() Eµ'&') µ'H:98") (direct methods) 

(Taylor 2003). . $'?#(5% $;) (&:µ8><;) 6#$(56$E&$6&;) &$;>G4'$6( &$; &"AA8B% 

9'98µC#F# 7'>GHA6&;) 67: $8# 6>?(5: 5>=&$6AA8 $8" D(8µ8>G8" 6AAE 56( 67: C#6 % 

7'>(&&:$'>6 "7856$'&$;µC#6 76>EBFBE $8" 78" <C>8"# D6>C6 6$:µ6 (Rould 2007). 

!$() $'?#(5C) SAD 56( MAD 6J(878('G$6( ; (9(:$;$6 $;) 6#@µ6A;) &5C96&;) $F# 

65$G#F#-K 67: &"B5'5>(µC#6 E$8µ6 78" 'G$' 7>8[7E>?8"# &$8 D(8µ:>(8-&$:?8 'G$' 

'(&EB8#$6( µ' 9(E<8>') $'?#(5C), µ' 7AC8# 9(69'98µC#; $;# 6#$(56$E&$6&; $8" 

6µ(#8JC8) µ'H'(8#G#; 678 &'A(#8µ'H'(8#G#; 56$E $;# 6#6&"#9"6&µC#; C5<>6&; $F# 

7>F$'M#@# (Ealick 2000). 2( Eµ'&') µCH898( '5µ'$6AA'=8#$6( $() &?C&'() 78" 

9(C78"# $() <E&'() &"B5'5>(µC#F# 8µE9F# 76>6B:#$F# 98µ%). X:BF $;) 676G$;&;) 

B(6 9'98µC#6 "S;A%) 9(65>($(5%) (56#:$;$6) (<1.2 Å) 56( µ(5>E D(8µ:>(6 ; µCH898) 

6"$% C?'( 7'>(8>(&µC#; '<6>µ8B% &$;# 7>F$'M#(5% 5>"&$6AA8B>6<G6. 

K>;&(µ878('G$6( :µF) &' &"#9"6&µ: µ' $() $'?#(5C) 78" ?>;&(µ878(8=# D6>C6 

E$8µ6 B(6 $;# '=>'&; $;) HC&;) $F# $'A'"$6GF# (Taylor 2003). 

. $'?#(5% µ8>(65%) 6#$(56$E&$6&;) 678$'A'G $;# 7AC8# 9(69'98µC#; µCH898 

B(6 $8# 7>8&9(8>(&µ: $;) 98µ%) $F# 7>F$'M#@# µ' 5>"&$6AA8B>6<G6 65$G#F#-K. . 

µCH898) 6"$% ?>;&(µ878(%H;5' 7>@$; <8>E 67: $8") Rossmann et al. (1962) 56( 

C5$8$' 678$'A'G µG6 67: $() 7AC8# '">CF) ?>;&(µ878(8=µ'#') $'?#(5C) (7'>G78" $8 

70% $F# 56$6$'H(µC#F# 7>F$'M#(5@# 98µ@# &$; DE&; 9'98µC#F# PDB C?8"# 

7>8&9(8>(&$'G µ' µ8>(65% 6#$(56$E&$6&;) µ' $;# (&?= $;) #6 µ'B6A@#'( &"#'?@) 

56H@) 8A8C#6 56( 7'>(&&:$'>') 56(#8=>(') 7>F$'M#(5C) 98µC) BG#8#$6( B#F&$C) 

(Evans and McCoy 2008). . D6&(5% (9C6 'G#6( ; ?>%&; '#:) % 7'>(&&:$'>F# 

µ8#$CAF# (µ8#$CA6 6#64%$;&;)) 98µ(5E 76>:µ8(F# µ' $;# 7>F$'U#; &$:?8 % 

$µ%µ6$8) 6"$%) B(6 $;# '=>'&; $8" &F&$8= 7>8&6#6$8A(&µ8= 56( HC&;) &$;# 

EB#F&$; 5>"&$6AA(5% 98µ%. O"$: BG#'$6( 'G$' µ' 67'"H'G6) 6#64%$;&; A=&;) (6-D 

µCH898(, µ' D6&(5: µ'(8#C5$;µ6 $8 µ'BEA8 "78A8B(&$(5: 5:&$8)) 'G$' µ' '=>'&; $8" 

7>8&6#6$8A(&µ8= 56( $;) HC&'F) $8" µ65>8µ8>G8" &' 9=8 J'?F>(&$E &$E9(6. 

L>8B>Eµµ6$6 78" 6#%58"# &$;# 7>@$; 56$;B8>G6 'G#6( $6 EPMR (Kissinger, 



! $*!

Gehlhaar et al. 1999), SOMoRe (Jamrog, Zhang et al. 2003), Queen Of Spades 

(Glykos and Kokkinidis 2001) 56( COMO (Tong, 1996). /6 7>8B>Eµµ6$6 78" 

6#%58"# &$; 9'=$'>; 56$;B8>G6 5E#8"# ?>%&; $8" ?@>8" Patterson, :7F) 'G#6( $6 

MOLREP (Vagin and Teplyakov, 1997) 56( AMoRe (Navaza 1994) %, 7(8 7>:&<6$6, 

$() &"#6>$%&'() “µCB(&$;) 7(H6#:$;$6)” (maximum-likelihood) :7F) 'G#6( $8 

7>:B>6µµ6 PHASER (McCoy, Grosse-Kunstleve et al. 2007). . 56$6&5'"% $8" 

µ8#$CA8" 6#64%$;&;) 'G#6( C#6 67: $6 7AC8# 5>G&(µ6 &$E9(6 B(6 $;# '7($"?% '7GA"&; 

$;) 98µ%) 56( BG#'$6( µ' DE&; µG6 % 56( 7'>(&&:$'>') B#F&$C) 98µC) 7>F$'M#@# 78" 

76>8"&(E48"# $6"$:$;$6 6AA;A8"?G6), &"#%HF) µ'B6A=$'>; 67: 30%, µ' $;# 

7>F$'U#; &$:?8. !$6 7A6G&(6 $;) 6"$8µ6$878G;&;) B(6 $;# $6?=$'>; '=>'&; A=&;) 

56H@) 56( B(6 $;# '7($"?% 6#$(µ'$@7(&; 7'>(7$@&'F#, :78" 7? 9'# "7E>?8"# 

B#F&$C) 98µC) µ' "S;A% 6µ(#8J(5% $6"$:$;$6, C?8"# 6#67$"?H'G $6 $'A'"$6G6 ?>:#(6 

6AB:>(Hµ8( 78" '5$'A8=# 6"$8µ6$878(;µC#6 $6 '7(µC>8") &$E9(6 $;) µ8>(65%) 

6#$(56$E&$6&;): $;# 56$6&5'"% 6>?(5@# µ8#$CAF# 56( $;# 76>EAA;A; '5$CA'&; 

µ8>(65%) 6#$(56$E&$6&;) 56( D'A$(&$878G;&;) µ8#$CA8" 5E#8#$6) ?>%&; µG6) 

µ'BEA;) 78(5(AG6) 9(6HC&(µF# 7>8B>6µµE$F#. /C$8(8( 6AB:>(Hµ8( 6"$8µ6$878G;&;) 

'G#6( $8 JCSG MR pipeline (Schwarzenbacher, Godzik et al. 2008), Casp R (Claude, 

Suhre et al. 2004), MrBUMP (Keegan and Winn 2008) 56( BALBES (Long, Vagin et 

al. 2008). 

 

1.2.6 16$6&5'"% 56( D'A$(&$878G;&; $;) 7>F$'M#(5%) 98µ%) 

2 7>8&9(8>(&µ:) $;) $>(9(E&$6$;) 98µ%) $8" D(8µ8>G8" 8A85A;>@#'$6(, µ'$E 

67: $;# '=>'&; µG6) 6>?(5%) A=&;), µC&F µG6) 5"5A(5%) 9(69(56&G6) 6#656$6&5'"%) 

$;) 98µ%) 56( D'A$(&$878G;&;) $F# &"#$'$6BµC#F# $8" µ8#$CA8". . '7($"?G6 $8" 

&$69G8" 6"$8= 'J6>$E$6( &' µ'BEA8 D6Hµ: 67: $;# 78(:$;$6 $F# 9'98µC#F# 

7'>GHA6&;) 56( 56$’'7C5$6&; $F# ?6>$@# ;A'5$>8#(65%) 7"5#:$;$6). 2( ?E>$') 

6"$8G 678$'A8=# µG6 9(9(E&$6$; "S8µ'$>(5% 6#676>E&$6&; $;) 7"5#:$;$6) "(xyz) 

$8 '7G7'98 $;) 878G6) '5<>E4'$6( &"?#E F) $"7(5% 67:5A(&; (&) 67: $8 µC&8 :>8. 

W(6 $8# 87$(5: CA'B?8 56( $;# 6#656$6&5'"% $8" µ8#$CA8" ?>;&(µ878(8=#$6( 8( 

?E>$') 9(6<8>E) ;A'5$>8#(65%) 7"5#:$;$6) 2F%-Fc 56( Fo-Fc 78" "78A8BG48#$6( µ' 

DE&; $8 7AE$8) $F# 7'(>6µ6$(5E 7>8&9(8>(&µC#F# 76>6B:#$F# 98µ%) (|Fo|) 56( $o 

7AE$8) (|Fc|) 56( <E&; (!c) 78" 7>85=7$8"# 67: $8 µ8#$CA8 6#64%$;&;). 2 ?E>$;) 
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2F%-Fc ?>;&(µ878('G$6( 5">GF) 56$E $8") 7>@$8") 5=5A8") D'A$(&$878G;&;) B(6 $8# 

CA'B?8 $8" µ8#$CA8" '#@ 8 ?E>$;) F%-Fc  6#69'(5#='( $6 &;µ'G6 78" 7>C7'( #6 

7>8&$'H8=# % #6 6<6(>'H8=# 67: $8 7>F$'M#(5: µ8#$CA8 (+(5:#6 1.16). 

 

 

 

 

+(5:#6 1.16. 2( ?E>$') 2F%-Fc 56( Fo-Fc. !$8 ?E>$; Fo-Fc µ' 5:55(#8 6#69'(5#=8#$6( 
8( 7'>(8?C) 78" 7>C7'( #6 6<6(>'H8=# 67: $8 µ8#$CA8 56( µ' µ7A' 8( 7'>(8?C) 78" 
7>C7'( #6 7>8&$'H8=#. /8 6>?(5: µ8#$CA8 'G#6( 5G$>(#8 56( $8 9(8>HFµC#8 
78>$856AG. O#$G&$8(?6 B(6 $8 ?E>$; 2F%-Fc (Rupp, 2009). 

/8 &$E9(8 $;) 6#656$6&5'"%) $;) 98µ%) 7'>(A6µDE#'( 7>8&H%5; $µ;µE$F# 

$;) 6AA;A8"?G6) 78" '#9'?8µC#F) 678"&(E48"#, 7A'">(5@# 6A"&G9F# 6µ(#8JCF#, 

µ8>GF# #'>8= 56( EAAF# 7>8&9'$@#. L>6Bµ6$878('G$6( 'G$' Eµ'&6 67: $8# 

5>"&$6AA8B>E<8 µ' ?>%&; 56$EAA;AF# 7>8B>6µµE$F# :7F) $6 " (Jones, Zou et al. 

1991) 56( COOT (Emsley, Lohkamp et al. 2010) 'G$' µ' $; D8%H'(6 '(9(5@# 



! %"!

7>8B>6µµE$F# 6"$:µ6$;) $878HC$;&;) $µ;µE$F# $8" D(8µ8>G8" &$;# 7"5#:$;$6 

:7F) 'G#6( $6 Buccaneer (Cowtan 2006), ARP/wARP (Perrakis, Harkiolaki et al. 

2001) 56( AutoBuild (Adams, Afonine et al. 2010). 16$E $;# 7>8&H%5; #CF# 

$µ;µE$F# &$8 µ8#$CA8 7>6Bµ6$878('G$6( $6"$:?>8#6 $87(5% D'A$(&$878G;&; $;) 

98µ%) &$8# 8>H: ?@>8 µ' DE&; B'Fµ'$>(5E 5>($%>(6. . 9(69(56&G6 F&$:&8 6"$% 9'# 

'76>5'G B(6 $;# 'JEA'(S; :AF# $F# 6$'A'(@# $8" µ8#$CA8" :7F) 'G#6( A6#H6&µC#6 

µ%5; 9'&µ@# 56( 9(6µ8><@&'() 9G'9>F# BF#(@#. W(6 $8 A:B8 6"$: µ'$E 67: 5EH' 

&$E9(8 6#656$6&5'"%) $;) 98µ%) &$8# 8>H: ?@>8 658A8"H'G D'A$(&$878G;&; $;) 

98µ%) &$8# 6#$G&$>8<8. 3' DE&; $8 #C8 µ8>(65: µ8#$CA8 "78A8BG48#$6( 8( 

6#$G&$8(?8( 76>EB8#$') 98µ%) 56( &$; &"#C?'(6 'A6?(&$878('G$6( ; 67:5A(&; 

6#Eµ'&6 &$() H'F>;$(5C) 56( 7'(>6µ6$(5E 7>8&9(8>(&µC#') '#$E&'() µ' 56$EAA;A; 

$>87878G;&; $F# 76>6µC$>F# $8" µ8#$CA8". +7'(9% &"#%HF) $6 7'(>6µ6$(5E 

9'98µC#6 9'# '76>58=# F) µ8#69(5: 5>($%>(8 D'A$(&$878G;&;) $;) 98µ%) 

'7(DEAA8#$6( $6"$:?>8#6 56( &$'>'8?;µ(58G 7'>(8>(&µ8G, $8 DE>8) $F# 878GF# 

µ'(@#'$6( µ' $;# 78(:$;$6 $F# 7'(>6µ6$(5@# 9'98µC#F#. L>8B>Eµµ6$6 78" 

?>;&(µ878(8=#$6( '">CF) &$8 &$E9(8 6"$: 'G#6( $6 REFMAC (Murshudov, Vagin et 

al. 1997), Buster/TNT (Tronrud 1997) 56( CNS (Brunger, Adams et al. 1998). /6 9=8 

&$E9(6 6#656$6&5'"%) 56( D'A$(&$878G;&;) $;) 98µ%) '76#6A6µDE#8#$6(  µC?>() 

:$8" $8 µ8#$CA8 9'# '7(9C?'$6( &;µ6#$(5% D'A$GF&; '#@ $6"$:?>8#6 76>8"&(E4'( 

(56#878(;$(5% B'Fµ'$>G6.  

. 67:5A(&; $8" µ8#$CA8" 67: $6 7'(>6µ6$(5E 9'98µC#6 'ACB?'$6( 6>(Hµ;$(5E 

µC&F $F# 76>6B:#$F# 6J(87(&$G6) R 56( Rfree. O 76>EB8#$6) R "78A8BG4'$6( µ' DE&; 

$8# $=78 R = # | |Fo| - |Fc | | / # |Fo| 56( '78µC#F) &' 5EH' 5=5A8 D'A$(&$878G;&;) 

'ACB?'$6( ; &=B5A(&; $8" "7: 56$6&5'"% µ8#$CA8" µ' $6 7'(>6µ6$(5E 9'98µC#6 

DE&'( $;) $(µ%) $8". 2 76>EB8#$6) Rfree "78A8BG4'$6( µ' $8# G9(8 $>:78 B(6 C#6 :µF) 

78&8&$: (&"#%HF) 5%) $F# 7'>(HAE&'F# 78" 9'# C?8"# &"µ7'>(A;<H'G &$; 

9(69(56&G6 D'A$(&$878G;&;). 3' $8# $>:78 6"$: 'ACB?'$6( ; "7'>D'A$(&$878G;&; 

'#@ :$6# ; $(µ% $8" 76>EB8#$6 6"$8= 7ES'( #6 µ'(@#'$6( 6"$: 678$'A'G C#9'(J; 

8A85A%>F&;) $;) 9(69(56&G6) D'A$(&$878G;&;).  

. $'A(5% 6J(8A:B;&; $8" µ8#$CA8" BG#'$6( µ' µG6 &'(>E 7>8B>6µµE$F# 78" 

'J'$E48"# $:&8 $; B'Fµ'$>G6 :&8 56( $; &"µ<F#G6 $8" µ' $6 7'(>6µ6$(5E 9'98µC#6. 

!$;# 7>@$; 56$;B8>G6 $6 7AC8# '">CF) ?>;&(µ878(8=µ'#6 'G#6( $6 PROCHECK 

(Laskowski, Rullmannn et al. 1996), WHATCHECK (Hooft, Vriend et al. 1996) 56( 
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MOLPROBITY (Chen, Arendall et al. 2010). W(6 $8# CA'B?8 $;) &"µD6$:$;$6) $8" 

µ8#$CA8" µ' $6 7'(>6µ6$(5E 9'98µC#6 ?>;&(µ878('G$6( 8 'J"7;>'$;$%) EDS 

(Kleywegt, Harris et al. 2004) 56H@) 56( $8 7>:B>6µµ6 SFCHECK (Vaguine, 

Richelle et al. 1999).  

 

1.2.7 O7: $; 98µ% &$; A'($8">BG6 

3'$E $;# 8A85A%>F&; $;) 9(69(56&G6) '7GA"&;) 56( 7>8&9(8>(&µ8= $;) 

$>(&9(E&$6$;) 98µ%) $8" µ65>8µ8>G8"-&$:?8", 658A8"H'G ; D(8A8B(5% '>µ;#'G6 $;) 

A'($8">BG6) $8" µ65>8µ8>G8" µ' DE&; $; 98µ%. W(6 $8 &587: 6"$:, 7>6Bµ6$878('G$6( 

"7C>H'&; $;) 56(#8=>(6) 98µ%) µ' 98µC)  8µ:A8BF# ('G$' &' '7G7'98 6µ(#8J(5%) 

658A8"HG6), 'G$' 98µ(5E 8µ:A8BF#) 7>F$'M#@# 7>85'(µC#8" #6 '#$87(&$8=# 9(6<8>C) 

56( 8µ8(:$;$'). !$; &"#C?'(6, '<:&8# $8 µ65>8µ:>(8 µ'A'$E$6( 76>8"&G6 5E78(8" 

7>8&9C$; 7.?. "78&$>@µ6$8), BG#'$6( ?6>$8B>E<;&; $F# 6AA;A'7(9>E&'F#  78" 

&?;µ6$G48#$6( µ'$6J= 7>F$'U#;) 56( 7>8&9C$;. O7@$'>8) &587:) $;) 9(69(56&G6) 

78" 7'>(B>E<;5' &$;# 7'>G7$F&; $F# D(856$6A"$@# '(9(5:$'>6, 'G#6( 8 

7>8&9(8>(&µ:) $;) &?C&;) 98µ%)-A'($8">BG6) 7>85'(µC#8" #6 678$(µ;H'G 8 

A'($8">B(5:) >:A8) &"B5'5>(µC#F# 6µ(#8JCF# 56( #6 &?'9(6&$8=# 7(8 

678$'A'&µ6$(58G D(856$6A=$') % '#@&'() D(8$'?#8A8B(58= 56( <6>µ65'"$(58= 

'#9(6<C>8#$8) (Carvalho, Trincao et al. 2009). /8 7(8 9=&58A8 'B?'G>;µ6 &$8 &$E9(8 

6"$: 'G#6( ; 67:98&; '#:) D(8A8B(58= >:A8" &$;# 7>F$'U#; &$;# 7'>G7$F&; 78" 

6"$:) 'G#6( EB#F&$8), :7F) &"µD6G#'( B(6 $8 30-50% $F# 56$6$'H'(µC#F# 98µ@# 78" 

C?8"# 7>85=S'( 67: 1C#$>6 I8µ(5%) W'#8µ(5%) (Chandonia and Brenner 2006). !$;# 

7'>G7$F&; 6"$%, &;µ6#$(5% 'G#6( ; ?>%&; "78A8B(&$(5@# 6AB8>(Hµ(5@# '>B6A'GF# 

:7F) 'G#6( ; 78AA67A% 98µ(5% &$8G?(&;, ; 6#64%$;&; 98µ(5@# 8µ8A:BF# 56( 

B#F&$@# µ8$GDF#. /6"$:?>8#6, 8( 7A;>8<8>G') 78" 7>85=7$8"# 67: $;# 

5>"&$6AA8B>6<(5% 98µ% µ78>8=# #6 &"#9"6&$8=# µ' EAA') $'?#(5C) :7F) 'G#6( 8( 

"78A8B(&$(5C) 7>8&'BBG&'() µ8>(65%) 9"#6µ(5%) 56( ; in silico 7>:&9'&; 

"78&$>FµE$F# B(6 $; 9(6A'=56#&; $;) A'($8">BG6) $;) "7: µ'AC$;) 7>F$'U#;) 

(Manjasetty, Turnbull et al. 2008).  
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2. PA(5E 56( µCH898( 

2.1 38>(65% D(8A8BG6 

!$;# 76>8=&6 '>B6&G6 5AF#878(%H;56# 56( '5<>E&$;56# &$; 4=µ; P. 

pastoris 9=8 7>F$'U#') $;) 8(58BC#'(6) 61 $F# BA"584(9(5@# "9>8A6&@#: ; StCel61 

67: $8 µ=5;$6 S. thermophile 56( ; FoCel61 67: $8 µ=5;$6 F. oxysporum. +7(7AC8#, 

5AF#878(%H;5' 56( CB(#6# 7>8&7EH'(') 7>8'$8(µ6&G6) $;) 56$6A"$(5%) "78µ8#E96) 

$;) StCel61, 6<6(>CH;56# 9;A69% 67: $;# 6>?(5% 7>F$'U#; $6 6µ(#8JC6 78" 

6#$(&$8(?8=# &$8 7'7$G9(8 &=#9'&;) 56( $;# µ8#E96 7>:&9'&;) &' 78A"&65?6>G$'). 

L6>65E$F 76>8"&(E48#$6( 8( µCH898( 56( $6 "A(5E 78" ?>;&(µ878(%H;56# B(6 $; 

9(69(56&G6 6"$%.  

 

2.1.1 Q>B6#6 

16$E $;# 5AF#878G;&;, C5<>6&; 56( D(8?;µ(5: ?6>65$;>(&µ: $F# 

6#6&"#9"6&µC#F# 7>F$'M#@# ?>;&(µ878(%H;56# $6 76>65E$F :>B6#6: 

- p.-µ'$>8 537 (WTW, W'>µ6#G6). 

- !=&$;µ6 76>6BFB%) "7'>5EH6>8" #'>8= Milli-Q (Millipore, .LO). 

- *'>µ6(#:µ'#8) 6#65(#8=µ'#8) '7F6&$%>6) Eppendorf Thermomixer Comfort 

(Eppendorf, W'>µ6#G6). 

- !"&5'"% 'JE?#F&;) "7: 5'#: (freeze drying), Christ ALPHA 1-4, B. Braun 

Biotec. International, Melsungen, W'>µ6#G6. 

- _F$:µ'$>8 UV-VIS Cam Spec M302, (Labequip, K6#69E)). 

- O"$:56"&$8 Labo Autoclave $8" 8G58" SANYO 

- *'>µ8&$6$8=µ'#6 "96$:A8"$>6 56( '7F6&$%>'). 

- 0JF9:µ'$>8 Ostwald. 

- !"&5'"% 9(%H;&;) "7: 5'#: 



!%%!

- !"&5'"% &"µ7=5#F&;) Amicon: Amicon chamber 8400 µ' µ'µD>E#; Diaflo 

PM-10, µCB'H8) 6785A'(&µ8= 10 kDa, Millipore, Billerica, USA. 

- 38#E96 ;A'5$>8<:>;&;) B(6 $8 9(6?F>(&µ: 7>F$'M#@# Mini-PROTEAN 3 

(BIORAD, ..L.O). 

- L'>(&$>'<:µ'#8( '7F6&$%>') ZHWY-211C, ZHICHENG Analytical 

Instruments Manufacturing Co. Ltd (1G#6). 

- !"AAC5$;) 5A6&µE$F# (Waters, Millipore, ..L.O.). 

- !"&5'"% 6A"&F$%) 6#$G9>6&;) 78A"µ'>E&;) TC-512 TECHNE (..L.O). 

- !"&5'"% 6#E9'"&;) Orbit LS, Labnet (3'BEA; N>'$6#G6). 

- !"&5'"% ;A'5$>8<:>;&;) 6B6>:4;) Easigel H1-set $;) '$6(>G6) Scie-plas 

(3'BEA; N>'$6#G6). 

- !"&5'"% ;A'5$>89(E$>;&;) Micropulser TM BIORAD (..L.O). 

 

2.1.2 3(5>88>B6#(&µ8G  

W(6 $;# 678µ:#F&; DNA ?>;&(µ878(%H;56# 8( 76>65E$F µ(5>88>B6#(&µ8G:  

1. 2 H'>µ:<(A8) µ=5;$6) S. thermophile % Myceliophthora thermophila ATCC 42464 

67: $;# '$6(>'G6 DSMZ (DSM No:1799, W'>µ6#G6). 2 µ(5>88>B6#(&µ:) 

<"AE&&8#$6# &$8") 4 8C &' 985(µ6&$(58=) &FA%#') µ' &$'>': "7:&$>Fµ6 

678$'A8=µ'#8 67: 30 g/l '5?=A(&µ6 D=#;), 3 g/l 7'7$:#;, 1.5% (w/v) EB6> pH 5.6 

56( "7: 5AG&; (slant) µ'$E 67: '7@6&; &$8") 45 8C B(6 5-6 ;µC>'). . 9(69(56&G6 

'76#6A6µD6#:$6# 5EH' 20-30 ;µC>') 7>8) 678<"B% µ8A=#&'F#. 

2. 2 µ'&:<(A8) µ=5;$6) F. %xysporum (&$CA'?8) FGSC 9935 (NRRL 34936)) 78" 

678µ8#@H;5' 67: $8 5=µ(#8 (Christakopoulos, Macris et al. 1989). . 9(6$%>;&; $8" 

µ(5>88>B6#(&µ8= B(#:$6# &' '7(5A(#'G) 56AA(C>B'(') &' 985(µ6&$(58=) &FA%#') $F# 

20 mL µ' 7 mL H>'7$(5: "A(5: EB6> 78" 7'>('G?' '5?=A(&µ6 76$E$6) (PDA), 3.9% 

(w/v). 3'$E 67: $;# '7@6&; $8" µ(5>88>B6#(&µ8= &$8") 30 8C B(6 120 h, 8( 

985(µ6&$(58G &FA%#') <"AE&&8#$6# &$8") 4 8C 56( 6#6#'@#8#$6# 5EH' 3 µ%#'). 



! %&!

2( µ(5>88>B6#(&µ8G 78" ?>;&(µ878(%H;56# B(6 $;# 5AF#878G;&; 56( 

C5<>6&; $F# 6#6&"#9"6&µC#F# 7>F$'M#@# 7>8µ;H'=$;56# 67: $;# '$6(>G6 

Invitrogen (..L.O). L(8 &"B5'5>(µC#6, B(6 $8# 78AA67A6&(6&µ: $F# 7A6&µ(9(65@# 

<8>CF# pCR®-Blunt 56( pPICZaC ?>;&(µ878(%H;56# 6#$(&$8G?F) $6 D65$;>(65E 

&$'AC?; Escherichia coli TOP10 56( TOP10FR. W(6 $;# '$'>:A8B; C5<>6&; $F# 

6#6&"#9"6&µC#F# 7>F$'M#@# ?>;&(µ878(%H;5' $8 &$CA'?8) K-33 $;) µ'H"A:$>8<;) 

4=µ;) P. pastoris (B8#:$"78): EB>(8) $=78), <6(#:$"78): Mut+). 

 

2.1.3 K;µ(5E, C#4"µ6 56( $"7878(;µC#6 'µ78>(5E &5'"E&µ6$6 (5($) 

. $>"7$:#;, $8 '5?=A(&µ6 4=µ;), $8 EB6>, $8 ?AF>(8=?8 #E$>(8 56( ; 

56#6µ"5G#; 7>8µ;H'=$;56# 67: $; SIGMA (W'>µ6#G6) '#@ ; 4'8&G#; 67: $;# 

Invivogen (W6AAG6). . 78A"µ'>E&; VentR® DNA 56( ; >(D8#8"5A'E&; O (Rnase A) 

6B8>E&$;56# 67: $;# '$6(>'G6 New England Biolabs (Beverly, MA), ; 78A"µ'>E&; 

Phusion high-fidelity DNA polymerase 67: $;# '$6(>'G6 Finnzymes (Espoo, 

_(#A6#9G6) 56( ; 78A"µ'>E&; KOD Hot Start 67: $; Novagen. /6 &5'"E&µ6$6 

678µ:#F&;) DNA 67: 7%5$Fµ6 6B6>:4;) (Perfectprep Gel Cleanup) 56( 

678µ:#F&;) 7A6&µ(9(658= DNA (GeneJETTM Plasmid Miniprep kit) 7>8µ;H'=$;56# 

67: $;# '$6(>'G6 Eppendorf (W'>µ6#G6) 56( Fermentas (16#69E)), 6#$G&$8(?6. /6 

&5'"E&µ6$6 Zero Blunt® PCR Cloning Kit, EasySelectTM Pichia Expression Kit  56( 

8 7A6&µ(9(65:) <8>C6) pPICZ$C 6B8>E&$;56# 67: $;# Invitrogen (..L.O)  '#@ $6 

7'>(8>(&$(5E C#4"µ6 67: $;# TAKARA (067F#G6). 

 

2.1.4 *>'7$(5E µC&6 56AA(C>B'(6) 
/6 H>'7$(5E µC&6 78" ?>;&(µ878(8=#$6# B(6 $;# 6#E7$"J; $F# 

µ(5>88>B6#(&µ@# 678&$'(>@#8#$6# &' 6"$:56"&$8 &$8") 121 8C B(6 15 min 56( "7: 

7G'&; 0.1 MPa. . 9'J$>:4; 678&$'(>F#:$6# J'?F>(&$E &' µ8><% &5:#;). 2( 

H'>µ8'"6G&H;$') 8"&G') :7F) 8( D($6µG#') 56( $6 6#$(D(8$(5E 678&$'(>@#8#$6# µ' 

9(%H;&; &' <GA$>6 9(6µC$>8" 0.2 µm 56( 7>8&$GH'#$6# &$6 H>'7$(5E µ'$E 67: S=J; 

$F# $'A'"$6GF# &$8") 60 8C. . &=&$6&; $F# H>'7$(5@# µC&F# 76>8"&(E4'$6( &$8# 



!%'!

LG#656 2.1. !$;# 7'>G7$F&; 78" 76>6&5'"64:$6# &$'>': H>'7$(5: µC&8 B(#:$6# 

7>8&H%5; 2% EB6>. 

 

LG#656) 2.1 !=&$6&; $F# H>'7$(5@# µC&F# 78" ?>;&(µ878(%H;56# B(6 $;# 
6#E7$"J; $F# E. coli 56( P.pastoris 

3(5>88>B6#(&µ:) *>'7$(5: µC&8 !=&$6&; 

E. coli LB (Luria Bertani) 1% $>"7$:#; (w/v), 0.5% '5?=A(&µ6 
4=µ;) (w/v), 1% NaCl (w/v), pH= 7.0 

YPD(S) 
1% '5?=A(&µ6 4=µ;) (w/v), 2% 7'7$:#; 
(w/v), 2% 9'J$>:4; (w/v), (1 M 
&8>D($:A;) 

BMGY/BMMY 

1% '5?=A(&µ6 4=µ;) (w/v), 2% 7'7$:#; 
(w/v), 100 mM >"Hµ(&$(5: 9(EA"µ6 
<F&<8>(5: 5EA(8 pH 6.0, 1.34% YNB* 
(w/v), 4x10-5 D(8$G#; (w/v), 1% BA"5'>:A; 
(BMGY) % 0.5% µ'H6#:A; (BMMY) 
(v/v) 

P. pastoris 

MD (Minimal 
Dextrose)/ 

MM (Minimal 
Methanol) 

1.34 % YNB, 2% 9'J$>:4; (MD) % 0.5% 
µ'H6#:A; (M/M) (v/v), 4x10-5 D(8$G#; 
(w/v) 56( 1.5 % EB6> (w/v). 

*&=&$6&; 9/$8) YNB 10K: 34 g YNB + 100 g H'((5: 6µµ@#(8/lt 

 

2.1.4 38>(65C) /'?#(5C) 

2.1.4.1 O78µ:#F&; DNA 

. 9(69(56&G6 78" 658A8"H%H;5' B(6 $;# 678µ:#F&; $8" 8A(58= DNA 

D6&G&$;5' &' 6"$% 78" 'G?' 6#6<'>H'G 67: $8") Murray and Thompson (Murray and 

Thompson 1980). X"8<(A(FµC#6 5=$$6>6 (0.5 g J;>: DE>8)) 58#(878(%H;56# &' 

B8"9G 56( '# &"#'?'G6 9(6A"$878(%H;56# &' 10 ml 9(6A=µ6$8) 'J6BFB%) (0.1 & Tris, 

pH 7.5, 0.7 M NaCl, 10 mM EDTA, 1% (w/v) D>Fµ(8=?8 9'56'J"A8$>(µ'H"A6µµ@#(8 

(CTAB) 56( 1% (v/v) 2-µ'>567$86(H6#:A;). O58A8=H;&' '7@6&; &$8") 65 8C B(6 30 

min µ' 7'>(&$6&(65% %7(6 6#E9'"&;. !$; &"#C?'(6 7>8&$CH;56# 10 ml 

?AF>8<8>µG8"/(&86µ"A(5%) 6A58:A;) 24:1 (v/v) 56( $8 µGBµ6 µ'$E 67: 6#E9'"&; 



! %(!

&?;µE$(&' B6AE5$Fµ6 $8 878G8 <"B85'#$>%H;5' &$6 5,000 xg B(6 10 min &' 

H'>µ85>6&G6 9Fµ6$G8". . "96$(5% <E&; 678µ65>=#H;5' 56( G&8) :B58) 

(&87>876#:A;) 7>8&$CH;5' 56( 6#6µG?H;5' µ' 2 CF) 4 B>%B8>') 56( %7(') 

6#6&$>8<C). /8 56$65>;µ#(&µC#8 DNA µ'$6<C>H;5' &' &FA%#6 78" 7'>('G?' 70% 

6(H6#:A; B(6 20 min 56( 56$:7(# <"B85'#$>%H;5', J;>E#H;5' 56( 9(6A=H;5' &' 1 ml 

>"Hµ(&$(58= 9(6A=µ6$8) Tris-EDTA µ' 20 µg/ml Rnase O. 2 56H6>(&µ:) µ' 

<6(#:A;/?AF>8<:>µ(8 %$6# $8 $'A'"$6G8 &$E9(8 B(6 $;# 7>8'$8(µ6&G6 $8" 

5"$$6>(58= DNA 78" ?>;&(µ878(%H;5' &$6 '7:µ'#6 $6 7'(>Eµ6$6. 

 

2.1.4.2 OA"&F$% 6#$G9>6&; 78A"µ'>E&;) (Polymerase Chain Reaction, 

PCR)  

2( '55(#;$C) 78" ?>;&(µ878(%H;56# B(6  $;# '#G&?"&; $F# B8#(9GF# Stcel61 

56( Focel61 &?'9(E&$;56# µ' DE&; $; #8"5A'8$(9(5% 6AA;A8"?G6 78" 6#$A%H;5' 67: 

$8 B8#(9GFµ6 $F# S. thermophile 56( F. oxysporum 6#$G&$8(?6 

(?>Fµ:&Fµ6_2:3103350-3104378 S. thermophile v2.0, DOE Joint Genome Institute; 

http://genome.jgi-psf.org/, 56( foxg-09688.2, F. 

oxysporum Sequencing Project. Broad Institute 

of Harvard and MIT; 

http://www.broad.mit.edu). W(6 $;# 

5AF#878G;&; $8" B8#(9(658= $µ%µ6$8) 78" 

6#$(&$8(?'G &$;# 56$6A"$(5% µ8#E96 $;) 

StCel61 (Stcel61_trunc), ?F>G) 9;A69% $;# 

6AA;A8"?G6 78" 5F9(5878('G $8 7'7$G9(8 

&=#9'&;) 56( $8# $8µC6 7>:&9'&;) &' 

78A"&65?6>G$') &$8 56>D8J"$'A(5: E5>8 $;) 

6>?(5%) 7>F$'U#;), &?'9(E&$;5' 8 56$EAA;A8) 

6#$G&$>8<8) '55(#;$%) (Stcel61_trunc RR) '#@ 

F) '"H=) '55(#;$%) ?>;&(µ878(%H;5' 8 G9(8) µ' 

6"$:# 78" 'G?' &?'9(6&$'G B(6 $8# 

78AA67A6&(6&µ: $8" 6>?(58= B8#(9G8" Stcel61 

(F). . 76>6&5'"% $8") CB(#' 67: $;# '$6(>G6 

Eurofins MWG Operon. !$;# +(5:#6 2.1 



!%)!

76>8"&(E4'$6( ; &"&5'"% 78" ?>;&(µ878(%H;5' B(6 $;# 7>6Bµ6$878G;&; $F# 

6#$(9>E&'F# PCR, &$8") LG#65') 2.26 56( D ; &=&$6&; $8" µGBµ6$8) $;) 5EH' 

6#$G9>6&;) 56( &$8# LG#656 2.3 76>8"&(E48#$6( 8( 6AA;A8"?G') $F# '55(#;$@#, 8( 

?>;&(µ878(8=µ'#') 78A"µ'>E&'), 8( &"#H%5') 6#$G9>6&;) 56( $8 µCB'H8) $8" 

7>8M:#$8).  

 

 

 

 

 

 

 

LG#656) 2.26 . &=&$6&; $;) 6#$G9>6&;) PCR B(6 $;# '#G&?"&; $F# B8#(9GF# 
Stcel61 56( Focel61 

!"&$6$(5: (µl) Stcel61 Focel61 

L8A"µ'>E&; (2 U/ µl) 1 0.5 

DNA (~100 ng/ µl) 5 1 

+55(#;$%) F (50 µ&) 1 1 

+55(#;$%) R (50 µ&) 1 1 

dNTPs mix (10 mM) 5 1 

MgSO4 (100 mM) 3 - 

-"Hµ(&$(5: 9(EA"µ6 5 (10x) 10 (5x) 

P7'>5EH6>8 H2O 29 35.5 

LG#656) 2.2D !=&$6&; $;) 6#$G9>6&;) PCR B(6 $8# 
78AA67A6&(6&µ: $8" Stcel61_trunc.  

!"&$6$(5: (µl) 

L8A"µ'>E&; (2 U/ µl) 1 

LA6&µG9(8 pPICZ$C/Stcel61 (4x10-3 mg/ml) 1 

+55(#;$%) F (50 µ&) 1 

+55(#;$%) R (50 µ&) 1 

dNTPs mix (10 mM) 5 

MgSO4 (25 mM) 3 

-"Hµ(&$(5: 9(EA"µ6 (10x) 5 

P7'>5EH6>8 H2O 33 



! "#!

!"#$%$& 2.3 !" #$$"%&'(), *+,-µ#./0#), 0-%12$#)  '&) 3%'45.30&) PCR $3" '3 3%3µ#%6µ#%3 µ#7(1& '8% *.+96%'8% 

'(#")*( +%%*#,-.& !(/0µ1234, !2562$µµ$ PCR 78619(& 
:2(;5#-(& 

Stcel61 (F) 5!-GCATCGATGCATGGCCACGTCAGCCACATCG-3!1 

Stcel61 (R) 5!-CGTCTAGACACTGGGAGTACCACTCGTTG-3!2 
VentR® DNA 
polymerase 

[95 oC 7"3 20 s 

58 oC 7"3 10 s 

70 oC 7"3 20 s ]x30 

70 oC 7"3 2 min 

966 

Stcel61_trunc 
(R:) 5:-CGTCTAGACCGGCAATGAGGGCCGGGC-3:2 KOD Hot 

Start 

95 oC 7"3 2 min 

[95 oC 7"3 20 sec 

60 oC 7"3 10 s 

70 oC 7"3 15 s ]x30 

665 

Focel61(Foxg_
09688.2)F 5!-CCATCGATGCACGGTCACGTCGCAAAGG-3!1 

Focel61(Foxg_
09688.2) R 

5!-GCTCTAGAATAGTTCGCACAGCAGGG-3!2 
Phusion 
DNA 
polymerase 

[98 oC 7"3 10 s 

57 oC 7"3 25 s; 

72 oC 7"3 30 s]x35 

72 oC 7"3 5 min 

682 

1 ;*+7.3µµ"0µ(%& & 3,,&,+-<43 *(=&) '+- *#."+."0'"$+> #%?>µ+- ClaI 
2 ;*+7.3µµ"0µ(%& & 3,,&,+-<43 *(=&) '+- *#."+."0'"$+> #%?>µ+- XbaI 

 



!"#!

2.1.4.3 !"#$%&'()&*+* DNA +# ,*$%- ./.&)0*1  

 H !"#!$%$&'(', $ )*"+,-*(µ./ 0"* ' "120!'(' !,1 µ$-&,1 DNA 34*15 µ5 

'650!-$7.-'(' (5 $-*8.1!*" %'0!9 "4"-.8'/ (#4031!-,('/ 1% (w/v). : (;(!"(' 

!$# )*"6;µ"!$/ %$# +-'(*µ$%$*9<'05 4*" !'1 %"-"(05#9 !'/ %'0!9/ ()*26#µ" TBE) 

0"* !$# )*"6;µ"!$/ 7.-!,('/ (loading buffer) %"-$#(*28$1!"* (!$1 =&1"0" 2.4. >5 

'650!-$7$-9(5*/ !"#!$%$&'('/ +-'(*µ$%$*9<'05 ' "4"-.8' Agarose low EEO 

(AppliChem) 51? (!'1 %5-&%!,(' "%$µ.1,('/ µ$-&,1 DNA ' %'0!9 

%"-"(05#"8.!"1 "%. !'1 "4"-.8' #@'69/ %$*.!'!"/ Seakem® Gold Agarose 

(Cambrex Bio Science Rockland, Inc., A"1&").  

234.$.1 2.4 >;(!"(' )*"6#µ2!,1 %$# +-'(*µ$%$*9<'0"1 (!'1 '650!-$7.-'(' 
DNA (5 %'0!9 "4"-.8'/ 

567"8µ. 9:; 10< (1lt) 567"8µ. ()&%=+*1 (loading buffer) 

108 g B2(' Tris 900 µl 46#05-.6' (50%) 

55 g B$-*0. $C; 

 

100 µl 0#"1$;1 B-,µ$7"*1.6'/ 10X 

(Bromophenol Blue) 

40 ml EDTA 0.5M pH=8  

 

D*" !'1 %"-"(05#9 !'/ %'0!9/ 0.5 g "4"-.8'/ "1"µ*41;$1!"1 µ5 50 ml )*"6;µ"!$/ 

TBE, "0$6$#<$;(5 B-"(µ./ 4*" %5-&%$# 2 min 0"* !$ µ&4µ" "791$1!"1 1" @#+<5& 

+,-&/ .µ,/ 1" %9C5*. E0$6$#<$;(5 %-$(<90' 5 µl B-,µ*$;+$# "*<*)&$# 

((#4031!-,('/ 1 mg/ml) 0"* µ5!"7$-2 !$# #4-$; "0.µ" µ&4µ"!$/ (!' (#(05#9 

'650!-$7.-'('/ (E*0.1" 2.2). F5!2 !$ (+'µ"!*(µ. !'/ %'0!9/ %-$(!&<51!"1 50 ml 

)*"6;µ"!$/ TBE 0"* !" )5&4µ"!" DNA 7$-!?1$1!"1 (!*/ 5*)*03/ <905/. D*" !'1 

50!&µ'(' !$# µ543<$#/ "662 0"* !'/ %$(.!'!"/ !,1 )5*4µ2!,1 DNA 

+-'(*µ$%$*$;1!"1 %-.!#%" )5&4µ"!" µ$-&,1 DNA (HyperLadderTM I: 200-10,000 

bp). : '650!-$7.-'(' 4*1.!"1 (!" 60 Volt 4*" %5-&%$# 1h 0"* "0$6$#<$;(5 

5µ721*(' 0"* 7,!$4-27*(' !,1 )*"+,-*(µ31,1 8,1?1 DNA µ5 +-9(' (#(05#9/ 

#%5-*?)$#/ "0!*1$B$6&"/ (InGenius Bio Imaging !'/ Syngene, F5426' G-5!"1&"). 

>!'1 %5-&%!,(' %$# 9!"1 5%*<#µ'!9 ' "120!'(' DNA, 4*1.!"1 "%$µ20-#1(' !'/ 

"1!&(!$*+'/ 8?1'/ !'/ %'0!9/ µ5 !' B$9<5*" "%$(!5*-,µ31'/ 65%&)"/. E0$6$#<$;(5 

0"<"-*(µ./ !$# DNA µ5 +-9(' !$# (05#2(µ"!$/ Nucleospin DNA Clean-up kit !'/ 

5!"*-5&"/ Macherey-Nagel. 



! "#!

 

2.1.4.4 !"#$%&'() (*"+",()- ."/+µ'#0- 1'2 34'(µ2%2'105 60&+' 

 !" #$%"&'()*"+ ),$-$.)/+ *$0*µ(%.$ µ* ")1%*23 (4'# (blunt ends) )%1$ 

52#)µ"&"#46 71'-# pCR®-Blunt (8"46$# 2.3) 5'#9µ#%151"30/4#$ µ* :'3)/ %1, Zero 

Blunt® PCR Cloning Kit %/+ *%#"'*;#+ Invitrogen. <%/$ 5*';5%.)/ 51, %# *$0-µ#%# 

*;:#$ ,51)%*; 4#%*'9#);# µ* 5*'"1'")%"4( -$=,µ# 4#" &"-0*%#$ µ1$642.$# 4122>&/ 

(4'# (sticky ends) / ),$-$.)/ 9"$6%#$ µ* 71'-# pPICZ!C (8"46$# 2.3) 51, *;:* 

,51)%*; 5-?/ µ* %# ;&"# -$=,µ#. @ )A)%#)/ %.$ #$%"&'()*.$ ),$-$.)/+ 9"# %"+ &A1 

5*'"5%>)*"+ 5*'"9'(71$%#" )%1$ B;$#4# 2.5. <* 4(0* 5*';5%.)/ 5'#9µ#%151"1A$%#$ 

%#,%6:'1$# #$%"&'()*"+ *2-9:1, (control) 4#%( %"+ 151;*+ #56 %1 µ;9µ# ),$-$.)/+ 

5#'#2*;51$%#$ #) %1 -$0*%1 4#" C) %1 -$0*%1 4#" / 2"9()/. 

7$"'1'- 2.5. <A)%#)/ µ;9µ#%1+ ),$-$.)/+ *$0-µ#%1+ µ* 52#)µ"&"#46 71'-#. @ 
#$%;&'#)/ 9"$6%#$ )%1,+ 16 1C 9"# 3-4 h. 

 8(0#.49 :1&' (pCR®-Blunt) ;044<%) :1&' (pPICZ!C) 

=*(#'#21>   1:3 1:5 1:7 

B2#)µ;&"1 1 µl (25 ng) 1 µl 1 µl 1 µl 

D$0*%1 DNA 5 µl 3 µl 5 µl 7 µl 

T4 DNA E"9()/ 1 µl 1µl 1 µl 1 µl 

F,0µ")%"46 &"(2,µ# 
2"9()/+ (10G) 1 µl 2 µl 2 µl 2 µl 

H5*'4(0#'1 $*'6 2 µl 13 11 9 



!"#!

 

 

!"#$%& 2.3 !" #$%&'( &)* +,-.µ"/0)* pCR®-Blunt pPICZ-C &1( Invitrogen 



! "#!

2.1.4.5 !"#$%&'µ$#(%µ)* "+(,"-#(-./ -0##123/ E. coli (TOP10 -$( 

TOP10F4) 

2.4.1.5$ 526"#6(µ$%7$ "+(,"-#(-./ 8$-#'2($-./ -0##123/ 9($ &'µ(-) 

µ"#$%&'µ$#(%µ) 

     ! "#$%&$'µ()*( &+, -(.&/#'(.0, .1&&2#+, 3'( %,)+µ2&+)/ "4()µ'5'(.$6 DNA 

µ% 7#8)/ 74+#'$67$1 ()-%)&*$1 -()*)&/.% )% 3,+)&8 µ%9$5$4$3*( "$1 %*7% 

5'(&1"+9%* (": &$1; Cohen et al. (Cohen, Chang et al. 1972). <#7'.2 =3',% 

%µ-$4'()µ:; )% 5ml LB ("(#$1)*( 50 µg/ml &%&#(.1.4*,/; )&/, "%#*"&+)/ &+, 

TOP10F>) .(' %"0()/ 1": (,25%1)/ (180 rpm) 3'( "%#*"$1 16 h )&$1; 37 $C. ?&/ 

)1,=7%'( 1 ml &/; "#$.(44'=#3%'(; (1&8; µ%&(@=#9/.% )% .+,'.8 @'24/ &+, 250 ml 

"$1 "%#'%*7% 100 ml LB (7+#*; "#$)98./ (,&'-'$&'.$6) .(' (.$4$69/)% "24' 

%"0()/ 1": (,25%1)/ (180 rpm) 3'( "%#*"$1 2 h )&$1; 37 $C. A&(, / $"&'.8 

"1.,:&/&( =@&()% µ%&(B6 &+, &'µ0, 0.4-0.8, / .(44'=#3%'( (@=9/.% ,( C179%* 3'( 

"%#*"$1 30 min )% "(3:4$1&#$. D, )1,%7%*( &( .6&&(#( @13$.%,&#89/.(, .(' 

%"(,('+#89/.(, )% 12 ml MgCl2 0.1 M. ! 5'(5'.()*( (1&8 %"(,(48@9/.% µ% 

%"(,('0#/)/ )% 4 ml CaCl2  0.1 M .(' )&/ )1,=7%'( &$ .1&&(#'.: 5'241µ( "(#=µ%',% 

)&$1; 4 $C 3'( "%#*"$1 16 h. E%&2 (": "#$)98./ 1.9 ml 341.%#:4/; 50% (v/v), &$ 

('0#/µ( µ$'#2)&/.% )% 5%*3µ(&( &+, 100 µl )% ("$)&%'#+µ=,$1; )+48,%; &6"$1 

eppendorf &( $"$*( C679/.(, (":&$µ( )% 13#: 2F+&$ .(' @14279/.(, )&$1; -80 $C. 

 

2.1.4.58 !"#$%&'µ$#(%µ)* 8$-#'2($-./ -0##123/  

G'( &/, %')(3+38 "4()µ'5'(.$6 @$#=( )&$ %)+&%#'.: &+, TOP10 .(' 

TOP10F> (#7'.2 3',:&(, (#38 (":C1B/ &+, .1&&2#+, µ% µ%&(@$#2 &$1; )% 

"(3:4$1&#$. ?&/ )1,=7%'( 3',:&(, 8"'( "#$)98./ 1 µl "4()µ'5*$1 ("$µ$,+µ=,$1 µ% 

7#8)/ &$1 ).%12)µ(&$; GeneJETTM Plasmid Miniprep 8 5 µl (": &/, (,&*5#()/ 

)1,=,+)/; .(' &$ µ*3µ( "(#=µ%,% )&$, "23$ 3'( 30 min. E%&2 (": µ%&(@$#2 )&$1; 

42 $C 3'( (1)&/#2 90 sec .(' %"(,(&$"$9=&/)/ )&$ "(3:4$1&#$, 3',:&(, "#$)98./ 

200 µl LB 3'( &( TOP10 .(' LS-LB 3'( &( TOP10F> .(' %"0()/ )&$1; 37 $C 3'( 1 h. 

<.$4$19$6)% %"*)&#+)/ &+, .1&&2#+, )% &#1-4*( µ% LB/.(,(µ1.*,/ (50 µg/ml) 

)&/, "%#*"&+)/ &+, TOP10 µ%&()7/µ(&')µ=,+, µ% pCR®-Blunt 8 )% &#1-4*( µ% LS 

LB/F%$)*,/ (25 µg/ml) )&/, "%#*"&+)/ &+, TOP10F> µ%&()7/µ(&')µ=,+, µ% 



!"#!

pPICZ!C. ! "#$%&' ()%*+,-&" #"*.#,/ 16 h &0,/1 37 ,C +%) +%02#)3 0% 0*/45.% 

%#,6'+"-,30%3 &0,/1  4 ,C. 

 

2.1.4.6 !"#$%&'& ()*'µ+,-." *(/ %* µ0%*'1&µ*%+'µ2"* 3*$%45+* 

     7)% 0'3 %#,µ238&' #5%&µ)(.83 pCR®-Blunt %#2 µ"0%&9'µ%0)&µ:3% TOP10 

;)320%3 "µ4,5)%&µ21 &" 5ml LB #%*,/&.% 50 µg/ml +%3%µ/+.3'1 "3$ &0'3 

#"*.#08&' 083 TOP10F< µ"0%&9'µ%0)&µ:383 µ" pPICZ!C 9*'&)µ,#,),-30%3 5ml 

LS-LB µ" 25 µg/ml =",&.3'. >+,5,/6,-&" "#$%&' /#2 %3?("/&' (180 rpm) ;)% 

#"*.#,/ 16 h &0,/1 37 ,C +%) &0' &/3:9")% ;)320%3 ' %3?+0'&' #5%&µ)(.83 µ)+*@1 

+5.µ%+%1 µ" 9*@&' 0,/ &+"/?&µ%0,1 GeneJETTM Plasmid Miniprep kit 0'1 "0%)*".%1 

Fermentas. ! %3?5/&' 0'1 3,/+5",0)()+@1 %55'5,/9.%1 083 #5%&µ)(.83 ;)320%3 %#2 

0'3 "0%)*".% VBC-Biotech Services GmbH (>/&0*.%). 

 

2.1.4.7 627& µ0 0",8"89$)0#'0: (05+85+'µ8; 

    A) "3(,3,/+5"?&"1 #"*),*)&µ,- (@ #"*),*)&0)+? :3=/µ%) ".3%) :3=/µ% #,/ :9,/3 

%#,µ,386". %#2 %*9%.% +%) 4%+0@*)% +%) 0% ,#,.% +24,/3 0, (.+583, @ µ,32+583, 

DNA &" &/;+"*)µ:3"1 3,/+5",0)()+:1 %55'5,/9."1. B0'3 #%*,-&% "*;%&.%, ;)% 0'3 

+583,#,.'&' ;,3)(.83 &0, C,*:% pPICZ!C ;)320%3 #:D' µ" 0% #"*),*)&0)+? :3=/µ% 

Cla I +%) Xba I "3$ µ" 0, Sac I ;)320%3 ' ;*%µµ)+,#,.'&' #5%&µ)(.83 #*)3 %#2 0'3 

")&%;8;@ 0,/1 &0, ;,3)(.8µ% 0'1 P. pastoris µ" '5"+0*,()?0*'&'. A) %30)(*?&")1 

#:D'1 ;.3,30%3 &0,/1 37 oC µ" 4?&' 0% %30.&0,)9% #*802+,55% 0'1 "0%)*".%1 

TAKARA (E%#83.%) %#2 0'3 ,#,.% #*,µ'6"-,30%3 0% :3=/µ% (F.3%+%1 2.6).  

 

2.1.4.8 <0%*'1&µ*%+'µ/: $9%%#5." P. pastoris µ0 &)0$%58,+#%5&'& 

7)% 0'3 ")&%;8;@ 0,/ ;*%µµ)+,#,)'µ:3,/ #5%&µ)(.,/ &0, 9*8µ,&8µ)+2 

DNA 0'1 P. pastoris 9*'&)µ,#,)@6'+" ' 0"93)+@ 0'1 '5"+0*,()?0*'&'1 +%0? 0'3 

,#,.% %/G?3"0%) ' ()%#"*%020'0% 0'1 +/00%*)+@1 µ"µ4*?3'1 µ" 0'3 "C%*µ,;@ 

"G80"*)+,- '5"+0*)+,- #"(.,/. ! ()%()+%&.% #,/ %+,5,/6@6'+" 4%&.&0'+" &0, 

#*802+,55, 0,/ EasySelectTM Pichia Expression Kit (Invitrogen). 



! ""!

!"#$%$& 2.6 !" #$%&µ" '()*+)*,µ+-, +* "$./,.+*0(1 "2232+&0/(1 '#431 5"* 3 ,-,.",3 .6$ 
µ*7µ8.6$ '#431 

!'()*()+,)%- 
'#.o#*/%01$+2 31+2 4'()*()+µ*5 6"7µ$ $#,".($+2& 

Cla I 
5’...ATˇCGAT...3’ 

3’...TAGCˇTA...5’ 

Xba I 
5’...TˇCTAGA...3’ 

3’...AGATCˇT...5’ 

5 µl '2",µ*9*"5: DNA (~2 µg) 

2 µl 10X )&;µ*,.*5: 9*82&µ" < 

1 µl Cla I  (~10 U) 

1 µl Xba I (~15 U) 

11 µl &'()58;")+ $(): 

Sac I 
5’...GAGCTˇC...3’ 

3’...CˇTCGAG...5’ 

30 µl '2",µ/9*+ pPICZ!C (~10 µg) 

10 µl 10X )&;µ*,.*5: 9*82&µ" L 

1 µl Sac I (~10 U) 

55 µl &'()58;")+ $(): 

 

2.1.4.8$. !(*',*)µ$+"$ 40$+µ)."*/ %$) %/,,8(9# 

!+ "$",&$9&",µ#$+ '2",µ/9*+ pPICZ!C 7)"µµ*5+'+*=;35( ,.3$ '()*+0= 5> 

AOX1 µ( .+ '()*+)*,.*5: #$%&µ+ Sac I 5"* "5+2+-;3,( 5";")*,µ:1 µ( 0)=,3 .+& 

,5(&8,µ".+1 Nucleospin DNA Clean-up kit .31 (."*)(/"1 Macherey-Nagel. ?.+ 

.(2(&."/+ ,.89*+ 5";")*,µ+- .+ 7)"µµ*5+'+*3µ#$+ '2",µ/9*+ ('"$"*6)=;35( ,( 30 

µl &'()58;")+& $()+-. 

@*" .3$ ')+(.+*µ",/" .6$ 5&..8)6$ .31 P. pastoris #7*$( ")0*58 

')+5"22*#)7(*" A-33 ,( 5 ml µ#,+ YPD (30 oC, 180 rpm, ~ 16h). ?.3 ,&$#0(*" ." 5 

ml µ(."B#);35"$ ,( 200 ml YPD (." +'+/" .+'+;(.+-$."* ,( 2 56$*5#1 B*82(1 .6$ 

250 ml) 5"* * ('68,;35"$ ,.+&1 30 oC &': "$89(&,3 µ#0)* .+ OD600 $" B.8,(* .3$ 

.*µ= 1.3-1.5 (~ 3-4 h). C5+2+-;3,"$ 9*"9+0*5#1 B&7+5($.)=,(*1 (5 min ,." 1500 xg, 

4 oC) 5"* ('"$"9*"2&.+'+/3,3 .+& ')D.+& *%=µ".+1 ,( 500 ml &'()58;")+ $():, .+& 

9(-.()+& ,( 250 ml &'()58;")+ $():, .+& .)/.+& ,( 20 ml 9*"2-µ".+1 ,+)E*.:231 1 

! 5"* .+& .(2(&."/+& ,( 1 ml 9*"2-µ".+1 ,+)E*.:231 1 !. F2" ." '")"'8$6 

9*"2-µ"." '+& 0)3,*µ+'+*=;35"$ (/0"$ ')+37+&µ#$61 "'+,.(*)6;(/ 5"* 

')+4&0;(/,.+&1 4 oC. !" 5-..")" µ(.8 "': .3$ .(2(&."/" ('"$"9*"2&.+'+/3,3 

'")#µ(*$"$ ,.+&1 0 oC 5"* 0)3,*µ+'+*=;35"$ 7*" .+ ,.89*+ .+&  µ(.",03µ".*,µ+-. 



!"#!

2.1.4.8! "#$%&'(µ%$)&µ*+ #,)-#.$)./0 .1$$2340 P. pastoris 

!"#$ %&' ()$ *+%"µ,-. )/*0("#0,1 &%/µ,1 -#% (, µ*(%23)µ%(#2µ' (4$ 

05((6"4$ P. pastoris, 30 µl %&' (, -"%µµ#0,&,#)µ7$, &/%2µ89#, pPICZ!C 

%$%µ83:)0%$ µ* 80 µl (4$ 0%(6//)/% &",*(,#µ%2µ7$4$ 05((6"4$. ;, µ8-µ% 

µ*(%+7":)0* 2* *#9#0. 05<*/89% 

)/*0(",9#6(")2)= (,&,:*()µ7$) 2* 

&%-'/,5(", 0%# &%"7µ*#$* *0*8 -#% &*"8&,5 5 

min. >0,/,1:)2* *+%"µ,-. )/*0("#0,1 

&%/µ,1 (2 kV -#% 4 ms) µ* 3".2) ()= 2520*5.= 

)/*0(",9#6(")2)= Micropulser TM BIORAD 

(?.!.>) (@#0'$% 2.4) 0%# 6µ*2) &",2:.0) 1 ml 

&%-4µ7$,5 9#%/1µ%(,= 2,"A#('/)= 1 !. B*(6 

%&' µ*(%+,"6 2* %&,2(*#"4µ7$, 24/.$%, (, 

µ8-µ% &%"7µ*#$* -#% 1-2 h 2(,5= 30 oC 0%# 2() 

25$73*#% 7-#$* *&82("42) 2* :"*&(#0' 5/#0' 

YPDS µ* 100 µg/ml C*,28$). D# 

%$%25$95%2µ7$*= %&,#08*= *µ+%$82()0%$ µ*(6 

%&' *&E%2) 3-10 )µ*"E$ 2(,5= 30 oC. 

 

2.1.4.9 5.63%&( %0%&10-1%&µ7040 ,34$#80/0 %,* $% µ#$%&'(µ%$)&µ70% 

.9$$%3% P. pastoris  

2.1.4.9% :,);<=> .;/0<1 7.63%&(+ µ# $31!;?% "" .%) .%;;)73=#)#+ 

µ).3>+ .;?µ%.%+ 

 @&#/73:)0%$ (53%8% &*"8&,5 25 µ*µ,$4µ7$*= %&,#08*= µ*(%23)µ%(#2µ7$4$ 

05((6"4$ F-33 2(% ("5A/8% µ* () C*,28$), 0%# %$%0%//#*"-,1$(%$ 2* ("5A/8% BB 

*µ&/,5(#2µ7$% µ* 0.4% (w/v) A--/,506$)= (µ* &50$'()(% ~ 1 %&,#08%/cm2) 0%:E= 

0%# 2* ("5A/8% MD -#% ()$ %$6&(5G) ()= A#,µ6C%=.  B*(6 %&' *&E%2) 24 h 2(,5= 30 
oC, (% ("5A/8% BB 3"4µ%(82()0%$ µ* 1% (w/v) Congo Red -#% 5 min 0%# 

%&,3"4µ%(82()0%$ µ* 1 M NaCl. H1"4 %&' (#= %&,#08*= &,5 &%".-%-%$ 

%$%25$95%2µ7$) &"4(*I$) 23)µ%(82()0%$ µ* (,$ ("'&, %5(' ,"%(7= 0)/89*= /'-4 



! "#!

!"# $%&'()*# +,!!$-.()/,!.+0# 1-2%"# 3), 3$-),%.24),( )-.%µ5('# GH61 (Teather 

and Wood 1982). 

637 !.# $3).+8'# $,!5# '3./59&"+$( 5 5:# 10 ;.$ ,;-5# +$//.5-;'.'# µ.+-)* 

7;+), 3-)+'.µ5(), ($ 3-)%1.)-.%!'8 ) +/<()# 3), &$ 9-"%.µ)3).)*(!$( ;.$ !"( 

5+=-$%" !"# $($%,(1,$%µ5("# 3-:!'>("# %' µ';2/" +/8µ$+$. 6($/,!.+7!'-$, 

$-9.+2 5;.(' 'µ?)/.$%µ7# 50 ml µ5%), BMGY µ' !.# '3./';µ5('# $3).+8'# %' 

.%2-.&µ'# +:(.+5# =.2/'# !:( 250 ml +$. $+)/)*&"%' '3<$%" ,37 $(21',%" (28-30 
)C, 200 rpm) ;.$ 3'-83), 16-20 h, µ59-. !) OD600 ($ =!2%'. !"( !.µ0 2-6. @!" 

%,(59'.$, +$. µ' ?2%" !"( !.µ0 OD600, =,;)+'(!-0&"+' %,;+'+-.µ5()# 7;+)# !"# 

+2&' 3-)+$//.5-;'.$# 5!%. <%!' µ' '3$($.<-"%" %' 50 ml µ5%), BMAY ($ '8($. 

OD600=1. B. +$//.5-;'.'# %' CAAD ;.$ !"( '3$;:;0 !"# $($%,(1,$%µ5("# 

3-:!'>("# 3$-5µ'.($( ;.$ 5 "µ5-'# %!),# 28-30 )C ,37 $(21',%" (200 rpm) '(< 

+2&' µ5-$ 3-)%!8&'(!$( 250 µl µ'&$(7/"# <%!' " !'/.+0 %,;+5(!-:%" ($ 3$-$µ5('. 

0.5% (v/v). E$&"µ'-.(2 /$µ?2()(!$( µ.+-2 1'8;µ$!$ $37 !) ,3'-+'8µ'() +2&' 

+$//.5-;'.$# ;.$ ($ '/';9&'8  " 3$-),%8$ $//2 +$. ) ?$&µ7# 5+=-$%"# !"# 

'3.&,µ"!0# 3-:!'>("# <%!' ($ '3./'9&'8 ) $(!8%!).9)# +/<()# +$. ($ 3-)%1.)-.%!'8 

" ?5/!.%!" 1.2-+'.$ +$//.5-;'.$#. F3'.10 1'( 0!$( ;(:%!0 " +*-.$ 1-2%" !:( 

$($%,(1,$%µ5(:( 3-:!'G(<( <%!' ($ '/';9&'8 " 1-$%!.+7!"!2 !),# µ' +.("!.+7 

3'8-$µ$ (assay), " 3$-),%8$ +$. " %9'!.+0 3)%7!"!2 !),# 3-)%1.)-8%&"+' µ' 

"/'+!-)=7-"%" ,37 $3)1.$!$+!.+5# %,(&0+'# %' 3"+!0 3)/,$+-,/$µ.18),. B 

+/<()# 3), '3./59&"+' !'/.+2 ;.$ µ';2/"# +/8µ$+$# 3$-$;:;0 !"# 3-:!'>("# 

$($+$//.'-;0&"+' %' !-,?/8$ YPD µ' 4')%8(" +$. $3)&"+'*!"+' %!),# 4 )C.  

H.$ =*/$I" µ';$/*!'-"# 1.2-+'.$# (µ0('# 5:# 5!"), ;.(7!$( 3-)+$//.5-;'.$ 

!:( +/<(:( %' ,;-7 µ5%) YPD ;.$ 16 h %!),# 30 )C +$. $+)/),&)*%' 

=,;)+5(!-"%" +$. '3$($.<-"%" !:( +,!!2-:( %' YPD 'µ3/),!.%µ5() µ' 15 % (v/v) 

;/,+'-7/" %'  !'/.+7 OD600=50-100. J$ +*!!$-$ +$!$K*9)(!$( µ' !$9'8$ 'µ?23!.%" 

%' ,;-7 24:!) (flash freezing) +$. $3)&"+'*)(!$( %!),# -80 )C. 

 

2.1.4.9! "#$#%&%' #(#)*(+*#)µ,(-. /$&012(-. )1 3#445,$%151. µ1%64-. 

347µ#3#. 

 



!"#!

! "#$%"&µ'()* +%,()* -./0$µ)#)$12/+" 

&$3 4)( "µ5)%$30µ6 6 +7($+,( 47( 250 ml #)8 

#".$"9-3( 50 ml BMGY '+304/ +3$ 04/ 08('-"$3 

µ" 4)( 9:$) 3+.$5,* 4.6#) #)8 #".$&.;<"43$ 04/( 

#.)/&)=µ"(/ #3.;&.3<) '&$(" / µ"43<).; 47( 

3(308(:830µ'(7( +844;.7( 0" 1 lt µ'0)8 

BMMG µ" OD600=1 (µ)$.30µ'()8 $06#)03 0" 4 

+7($+'* <$;%"* 4)8 1 lt, >$+6(3 2.5). ? "#3&7&1 

'&$(" &$3 4) #.)+32).$0µ'() -.)($+6 :$;04/µ3 

µ" +32/µ".$(1 #.)021+/ µ"23(6%/* 0" 4"%$+1 

08&+'(4.70/ 0.5% (v/v). @"4; 4) #'.3* 4)8 

:$3041µ34)* 384)= )$ +3%%$'.&"$"* 08%%'&)(43(, 

<8&)+"(4.)=(43( &$3 10 min 043 1500 xg, 4 )C 

+3$ 4) 8#".+"9µ"() <8%300643( &$3 4) "#6µ"() 

04;:$) 4)8 +323.$0µ)=.  

 

2.1.4.10 !"#"$%&µ'( ")"&*)+*"&µ,)-) .$-/01)2) 

A) 04;:$) 4)8 +323.$0µ)= #.3&µ34)#)$12/+" µ" 3B$)#)9/0/ 47(  6 

08("-6µ"(7( +343%)9#7( $04$:9(/* (His-tag) #)8 "9-3( #.)04"2"9 04) +3.5)B84"%$+6 

;+.) 47( 3(308(:830µ'(7( #.74"C(,( +34; 4/ :$3:$+3093 4/* +%7()#)9/0/* +3$ 43 

)#)93 '-)8( 4/( $:$64/43 (3 3%%/%"#$:.)=( µ" $6(43 +)53%49)8 3+$(/4)#)$/µ'(3 0" 

041%"* ./49(/*. ? '+%)80/ #.3&µ34)#)$12/+" µ" "<3.µ)&1 :$3%=µ34)* $µ$:3D)%9)8 

#)8 3(43&7(9D"43$ 4)8* $µ$:3D)%$+)=* :3+48%9)8* 47( $04$:$(,( 4/* #.74"E(/* &$3 

4/( #.60:"0/ 043 $6(43 Co2+. F%3 43 04;:$3 4)8 +323.$0µ)= '%353( -,.3 04)8* 4 

oC &$3 4/( "#$5.;:8(0/ 4/* :.;0/* 47( #.74"30,( #)8 8#;.-)8( 04) "B7+8443.$+6 

8&.6 +3$ 4/( +3%=4"./ 08(41./0/ 4/* 3(308(:830µ'(/* #.74"E(/*. ? .=2µ$0/ 4/* 

.)1* 4/* +$(/41* <;0/* 4/* -.7µ34)&.3<93* 043 2 ml/min '&$(" µ" -.10/ 4/* 

3(4%93* Econo Gradient (Biorad, ?.G.H.) "(, &$3 4/( 3(9-("80/ 47( "+%)86µ"(7( 

#.74"C(,( -./0$µ)#)$12/+" 3($-("841* UV (280 nm) µ" %)&$0µ$+6 +343&.3<1* 

Clarity Version 2.3.3.124 (DataApex, A0"-93). A3 :"9&µ343 08%%'-2/+3( µ" 

08%%'+4/ +%30µ;47( (Waters, Millipore, ?.G.H.). 



! "#!

  !"#$%& '( )*+"%+,µ+-( './ %011$2"3+$0/ )*(4156.%+ 7+ 8$56.7. )*9 %+-9 

#".7$µ(*($:-'0/ 8$08(#$%& 8$.6.'$%9 #0"', %0$ ;,1'"0 8$0µ2'"() *9"<- 0.8 %0$ 0.2 

µm (Pall Supor Membrane Disc Filters, Pall Filters). !%(1(=6.7+ 7)µ*=%-<7. µ2#"$ 

'+1$%(= 93%() ~30 ml #".7$µ(*($:-'0/ 7)7%+)5 Amicon µ+ µ+µ4"&-. *() +*2'"+*+ 

'. 8,(8( µ0%"(µ(",<- µ$%"9'+"<- 0*9 10 kDa (Amicon chamber 8400, Millipore, 

Billerica, >.?.!.). @( 7)µ*)%-<µ2-( *"<'+A-$%9 8$&1)µ0, 7'. 7)-2#+$0, 

+B$7(""(*56.%+ µ+ 8$0*,8)7. 2-0-'$ ")6µ$7'$%(= 8$01=µ0'(/ 20 mM Tris-HCl pH 

8.0, 300 mM NaCl (8$&1)µ0 Talon) %0$ 7'. 7)-2#+$0 8$04$4&76.%+ 7+ 7'51. 

#"<µ0'(3"0;,0/ 7)332-+$0/ 0%$-.'(*($.µ2-() µ+'&11() (Talon, Clontech; 

+7<'+"$%5 8$&µ+'"(/ 1.0 cm, µ5%(/ 15 cm) . (*(,0 *"(.3(=µ+-0 +,#+ +B$7(""(*.6+, 

µ+  8$&1)µ0 Talon. !%(1(=6.7+ 2%*1)7. './ 7'51./ µ+ 60 ml ,8$() 8$01=µ0'(/ 3$0 

'.- 0*(µ&%")-7. '<- µ. 8+7µ+)µ2-<- ()7$:- %0$ 2%1()7. './ +*$6)µ.'5/ 

*"<'+C-./ µ+ +;0"µ(35 8$01=µ0'(/ Talon µ+ 3"0µµ$%& 0)B0-9µ+-. 7)3%2-'"<7. 

$µ$80D(1,() (0-100 mM). @0 %1&7µ0'0 *() *+"$+,#0- *"<'+A-. 7)112#6.%0- %0$ 

0;010':6.%0- µ+ 8$0*,8)7. 2-0-'$ ". 8. 20 mM Tris-HCl pH 8. E 21+3#(/ '() 

406µ(= %060"9'.'0/ 23$-+ µ+ .1+%'"(;9".7. 7+ *.%'5 *(1)0%")10µ$8,() )*9 

0*(8$0'0%'$%2/ 7)-65%+/ (.1+%'"(;9".7. SDS-PAGE). 

 

2.1.4.11 !"#$%&'()&*+* ,&-%#./0/ +# ,*$%1 ,'"23$&2"3µ456'2 2,) 

3,'543%3$%4$78 +2/91$#8 (SDS-PAGE) 

2.1.4.113 :3&3+$#;* ,*$%18 ,'"23$&2"3µ456'2 

> *.%'5 *(1)0%")10µ$8,() 0*('+1+,'( 0*9 8=( µ2".: '.- *.%'5 

+*$7'(,407./ (stacking gel) %0$ '.- *.%'5 8$0#<"$7µ(= (resolving gel). E$ 0-01(3,+/ 

'<- +*$µ2"()/ 7)7'0'$%:- '<- 8=( 'µ.µ&'<- './ *.%'5/ *0"()7$&D(-'0$ 7'(- 

?,-0%0 7.  

!"#$%& *0"07%+)&D+'0$ '( µ,3µ0 './ *.%'5/ 8$0#<"$7µ(= %0$ '(*(6+'+,'0$ 

0-&µ+70 7+ 8=( +$8$%2/ 3)&1$-+/ *1&%+/ *() 2#()- *"(.3()µ2-</ %060"$7'+, µ+ 

0$60-91.. @( µ,3µ0 0;5-+'0$ 3$0  *+",*() 30 min *"(%+$µ2-() -0 (1(%1."<6+, ( 

*(1)µ+"$7µ9/ './ *.%'5/ %0$ 7'. 7)-2#+$0 *"(7',6+'0$ 0*9 *&-< '( µ,3µ0 './ 

*.%'5/ +*$7'(,407./ +-: '(*(6+'+,'0$  +$8$%5 #'2-0 3$0 '( 7#.µ0'$7µ9 '<- (*:- 

'(*(62'.7./ '<- 8+$3µ&'<-. F'0- . *.%'5 +,-0$ 2'($µ. ($ 3)&1$-+/ *1&%+/ 



!"#!

µ!"#$%&'("#) *"+ *,*-!,. +/!-"&'$0&+*+1 #$'2 #3'µ#-&,(4!5  + 6"%(#. 7"+ 

*,*-!,. 3&'*"54!("#) 3!&53', 500 ml 8)#/2µ#"'1 +/!-"&'$0&+*+1 (30.3 g/l Tris, 

144 g/l 9/,-5(+, 1% (w/v) SDS, pH 8.3).  

 

!"#$%$& 2.7 72*"#*+ 3+-".1 !3)*"'5:#*+1 -#) 8)#6;&)*µ'2 *"+( +/!-"&'$0&+*+ 
SDS-PAGE 

!'%() *+,-(."/$-'& (stacking gel) 4% !'%() 0,$123,-µ.4 (resolving gel) 
12.5% 

<3!&-=4#&' (!&0 3 ml <3!&-=4#&' (!&0 3.5 ml 

0.25 M Tris 0.2% (w/v) SDS 
pH 6.8 

3.75 ml 0.25 M Tris 0.2% (w/v) SDS 
pH 8.8 

9.4 ml 

40 %  #-&,/#µ58)' 0.75 ml 40 %  #-&,/#µ58)' 5.8 ml 

TEMED 20 µl TEMED 30 µl 

10% (w/v) APS 60 µl 10% (w/v) APS 90 µl 

 

 

2.1.4.11/ !3.*(.,µ$-"$ 0*,5µ6(2# - '7*%(3.893'-'  

># 3&'1 +/!-"&'$0&+*+ 8!59µ#"#  (~1-5 µg 3&;"!?(+1) 09-', 15 µl 

#(#µ564+-#( µ! 7 µl 8)#/2µ#"'1 $0&";*+1 (1 g SDS, 5 ml 0.25 M Tris pH 6.8, 2.5 

ml 50% (w/w) 9/,-!&0/+, 2.5 ml µ!&-#3"'#)4#(0/+, 4 ml 0.1% (w/v) -,#('2( 

:&;µ'$#)(0/+1) -#) #-'/'24+*! :&#*µ01 9)# 5-7 min. 7"+ *,(%6!)# "# 8!59µ#"# 

-#4@1 -#) 5–7 µl 3&0",3', 8)#/2µ#"'1 3&;"!A(@( 9(;*"'2 µ'&)#-'2 :=&',1 

(Unstained Protein Molecular Weight Marker, Fermentas, B5(#-#1 2.8) 

"'3'4!".4+-#( *")1 '3%1 "+1 3+-".1 -#) #-'/'24+*! +/!-"&'$0&+*+ µ! 35 

mC/3.-";µ# 9)# 3!&53', 1 h. D!"= "' 3%&#1 "+1 +/!-"&'$0&+*+1 + 3+-". 

#3'µ#-&2(4+-! #30 ")1 9,=/)(!1 3/=-!1 -#) !µ:#3"5*"+-! *"' 8)=/,µ# 

6&;µ#")*µ'2 (40% (v/v) µ!4#(0/+, 10% (v/v) 'E)-0 'E2, 0.4% (w/v) Coomassie G-

250) '3'2 3#&%µ!)(! 9)# 3!&53', 20 min ,30 .3)# #(=8!,*+. C-'/'24+*! 

#3'6&;µ#")*µ01 -#) !µ$=()*+ ";( 3&;"!A()-@( F;(@( µ! *,(!6!51 3/2*!)1 *! 

8)=/,µ# #3'6&;µ#")*µ'2 (40% (v/v) µ!4#(0/+, 10% (v/v) 'E)-0 'E2). 



! "#!

 MW ( kDa) !"#$%&'( !")*+%,-( 

116.0 ! –"#$#%&'()*+,- E. coli 

66.2 #$!'.µ/0- '1'2 !'*)0'2 3$+,µ# !'*)0'2 #/µ#&'4 

45.0 5#$!'.µ/0- #,31+*) #."'2 %6&#4 

35.0 "#$#%&)%7 
#8.*1'"'0+,- µ294 :'/1;0 

25.0 REase Bsp98I E. coli 

18.4 !-$#%&'"$'!'.$/0- "+$# #"9$+*'4 
 

14.4 <.,'(2µ- #,31+*) #."'2 %6&#4 

!.'/0/1 2.8 = ,2,&#,- &'. *)#$2µ#&'4 31;&9>0?0 "0;,&'2 µ'1)#%'2 !+1'.4 
(Unstained Protein Molecular Weight Marker, Fermentas) 3'. :1-,)µ'3')7@-%9 
")# &'0 A$9":' &'. BC &;0 #0#,.0*.#,µA0;0 31;&9>0?0  

 

2.1.4.12 2+%0$")34"(-( 5-)(+%0$"5061 %-$./-(1 -% 7(0$6 

7)+,/0",+/µ58.), (Isoelectric focusing-PAGE, IEF- PAGE).  

D)# &'0 31',*)'1),µ6 &'. ),'-$9%&1)%'2 ,-µ9/'. (pI) &;0 #0#,.0*.#,µA0;0 

31;&9>0?0 31#"µ#&'3')7@-%9 -$9%&1'861-,- ),'-$9%&1)%74 9,&/#,-4 ,9 3-%&7 

3'$.#%1.$#µ)*/'. µ9 &- ,.,%92- PhastSystem electrophoresis unit (Amersham 

Biosciences AB, E'.-*/#) %#) µ9 !+,- &' #0&/,&'):' 31;&6%'$$' &-4 9&#)19/#4. F) 

3-%&A4 7&#0 31'3#1#,%9.#,µA094 %#) 98'*)#,µA094 µ9 #µ8'$2&94 3'. %+$.3&#0 &-0 

391)':7 pH 3.0 - 9.0 90? :1-,)µ'3')7@-%9 316&.3' µ/"µ# 31;&9>0?0 "0;,&?0 pG 

(pH 3.5-9.3) #36 &-0 9&#)19/# GE Healthcare. 

 

2.1.4.13 9':,µ506 /7);+,0):,+.#-( /'/-,'8,/-µ*'#' 7"#$%&'<'  

D)# &-0 #3'µ+%1.0,- &;0 ,#%:+1;0 #36 &)4 @A,9)4 !-"$.%'(.$/;,-4 

:1-,)µ'3')7@-%9 - "$.%'()*+,- Endo H (P0702S) #36 &-0 9&#)19/# New England 

Biolabs (=HI) ,2µ8;0# µ9 &' #0&/,&'):' 31;&6%'$$'. I1:)%+ A")09 - µ9&'.,/;,- 

2 µg 31;&9J0-4 µ9 !1#,µ6 ")# 10 min ,9 10 µl 1.@µ),&)%'2 *)#$2µ#&'4 µ9&'.,/;,-4 

10K. L' µ/"µ# #8A@-%9 0# M.:@9/ %#) %#&63)0 31',&A@-%#0 2 µl 1.@µ),&)%'2 

*)#$2µ#&'4 #3'"$.%'(.$/;,-4 10K, 5 µl "$.%'()*+,-4 Endo H %#) 3 µl =2F. = 
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!"#$%& '()*! %+,-. 37 ,C ()$ 3 h /$) & $00$(1 %+, µ,2)$/3 452,. 03(6 

$",µ5/2-*%&. +6* %$/7526* !/+)µ18&/! µ! &0!/+2,932&%& SDS-PAGE.  

 

2.1.4.14 !"#"$%&'( )*"#+%"*%#µ'( )*,$-./0( 

:)$ +,* "2,%;),2)%µ3 +&. "26+!<*)/1. %-(/'*+26%&. 72&%)µ,",)18&/! & 

µ'8,;,. Lowry (Lowry, Rosebrough et al. 1951) & ,",=$ %+&2=>!+$) %+&* $*$(6(1 

+,- $*+);2$%+&2=,- Folin /$) +&* ,?!=;6%& +6* $26µ$+)/#* $µ)*,?'6* (/-2=6. 

+2-"+,95*&. /$) +-2,%=*&.). @ %-(/'*+26%& +,- $*&(µ'*,- $*+);2$%+&2=,- Folin 

"2,%;),2=>!+$) µ'%6 +&. +)µ1. +&.  $",2239&%&. %+$ 750 nm µ! 45%& +, *3µ, 

Lambert Beer. :)$ +&* /$+$%/!-1 /$µ"A0&. $*$9,25. 72&%)µ,",)18&/! "23+-", 

;)50-µ$ "26+!B*&. $04,-µ=*&. ,2,A 4,;),A (Bovine Serum Albumin). 

C+&* "!2="+6%& +6* "!)2$µ5+6* /2-%+5006%&. +6* "26+!<*#* & 

%-(/'*+26%1 +,-. "2,%;),2=%+&/! µ! +& µ'+2&%& +&. $",2239&%&. %+$ 280 nm 

(Stoscheck 1990). D µ,2)$/3. %-*+!0!%+1. $"3%4!%&. ()$ /58! "26+!B*& 

"2,%;),2=%+&/! µ! +, "23(2$µµ$ ProtParam +,- ExPASy (Gasteiger, Gattiker et al. 

2003).  

 

2.2 1%"20µ%&'( 23*3&$0*%#µ'( 

2.2.1 4/56µ3 

:)$ +). $*+);25%!). -;230-%&. 72&%)µ,",)18&/$* +$ $/30,-8$ !µ",2)/5 

!*>-µ)/5 %/!-5%µ$+$: 4-(0-/,>);5%& (BLUC) $"3 +, µA/&+$ Aspergillus niger, 

/!00,4),E;2,05%& F (CBHI) /$) !*;,-4-(0,-/$*5%& (EGII) $"3 +, µA/&+$ 

Trichoderma longibrachiatum, +&. !+$)2=$. Megazyme (F20$*;=$) /$8#. /$) +, 

",0-!*>-µ)/3 /-++$2)*,0-+)/3 µ=(µ$ Celluclast, $"3 +, µA/&+$ Trichoderma reesei 

+&. !+$)2!=$. Novozymes (G$*=$). 

 

2.2.2 7)"#$*8µ3$3 &3% 3/$%+*3#$9*%3 

:)$ +&* $*=7*!-%& !*!2(3+&+$. +6* $*$%-*;-$%µ'*6* "26+!<*#* 

72&%)µ,",)18&/$* +$ -"o%+2#µ$+$ /$24,?-µ!8-0-/-++$2=*& (carboxymethyl-
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cellulose, CMC), !"#$%!&'(!)-*!++&#,-. (hydroxyethyl-cellulose) &/0 +.- 1+&'#1,& 

Fluka (Buchs, 2)31+,&), !"#$%!/#$/!)-µ1(!)-*!++&#,-. (hydroxypropyl-

methylcellulose, HPMC), )&µ'-&#,-. (laminarin), %!)4-. 3#5µ.6 (oat spelt xylan), 

%!)4-. $%'46 (beechwood xylan), &#&3'*0 *0µµ' (arabic gum) &/0 +.- 1+&'#1,& 

SIGMA (71#µ&-,&), %!)4-. 8.µ9"&6 &/0 +. ROTH (:.;.<.), 3-=)$!*4-. *#'(&#'$9 

(barley 3-glucan), )'>1-4-. (lichenan), &#&3'-$%!)4-. 8,+$! (wheat arabinoxylan) 

&/0 +. MEGAZYME (?#)&-",&), µ'*#$*#!8+&))'*@ *!++&#,-. (Avicel) &/0 +. 

Macherey-Nagel *&' +$ "'.(.+'*0 >&#+, &/0 +. Merck (Darmstadt, Germany). 

7'& +& /1'#4µ&+& 8!-1#='8+'*@6 "#48.6 >#.8'µ$/$'@(.*1 $ &-&=A='*06 

/&#4=$-+&6 +#'6 (2-*&#3$%!&'(!)$)BA8B,-., (Tris (2-CarboxyEthyl)Phosphine, 

TCEP) *&' . *!++&#,-. /$! 1,>1 !/$8+1, 1/1%1#=&8,& µ1 '$-+'*4 !=#4 (Ionic Liquid 

Treated Cellulose - ILTC) &/0 +.- 1+&'#1,& SIGMA. C& )'=-'-$*!++&#'-$9>& 

!/$8+#5µ&+& /$! >#.8'µ$/$'@(.*&- @+&-: &) T$ !"#$(1#µ'*4 *&+1#=&8µD-$ 4>!#$ 

8,+$! (Pretreated Wheat Straw, PWS) &/0 +.- 1+&'#,& Inbicon (Skaerbaek, E&-,&). F 

>#0-$6 /&#&µ$-@6 8+$- !"#$(1#µ'*0 &-+'"#&8+@#& @+&- *&+4 µD8$ 0#$ 12 min 1-5 

. (1#µ$*#&8,& "'&+.#$9-+&- 8+&(1#@ 8+$!6 190 oC µ1 /&#$>@ &+µ$9 (Thomsen, 

Thygesen et al. 2006). : 898+&8@ +$! PWS (50.2% =)$!*4-., 3.8% .µ'*!++&#,-., 

25.5% )'=-,-. &"'4)!+. 81 $%9, 2.8% 4µ!)$) /#$8"'$#,8+.*1 µ1 348. =-A8+@ 

"'&"'*&8,& (Xiros, Katapodis et al. 2009). 3)G2)&+$ /#$*&+1#=&8µD-$ µ1 &+µ0 

(190°C, 5 min) !/0 @/'16 0%'-16 8!-(@*16 (Steam pretreated under weak acidic 

conditions spruce, PS) &/0 +.- 1+&'#1,& SEKAB E-Technology (Örnsköldsvik, 

Sverige), µ1 898+&8. 51.4% =)$!*4-., 7.0% .µ'*!++&#,-., 39.7% )'=-,-. &"'4)!+. 

81 $%9 *&' 1.6% )'=-,-. "'&)!+@ 81 $%9 =) "9$ /#$H"#$)!µD-$' &)*&)'*$, /$)+$, 

(PP1 *&' PP2) &/0 =!µ-08/1#µ&-&1'(&)@ "D-+#& (60% D)&+$ *&' 40% µ'*#4 +1µ4>'& 

/19*$!) &/0 +$!6 $/$,$!6 1,>1 &/$µ&*#!-(1, . )'=-,-. 81 "'&B$#1+'*0 3&(µ0 &/0 

+.- 1+&'#1,& Innventia AB (I+$*>0)µ., I$!.",&). F /$)+06 PP2 1,>1 !/$3).(1, 81 

D-& 1/'/)D$- 8+4"'$ &/$)'=-'-$/$,.8.6 /&#$!8,& $%!=0-$!. : 898+&8@ +$!6 @+&- 

79.3% =)$!*4-., 13.4% .µ'*!++&#,-., 6.9% )'=-,-. &"'4)!+. 81 $%9 *&' 0.4% 

)'=-,-. "'&)!+@ 81 $%9 ='& +$ PP1 *&' 96.3% =)$!*4-., 2.5% .µ'*!++&#,-., 1.0% 

)'=-,-. &"'4)!+. 81 $%9 *&' 0.2% )'=-,-. "'&)!+@ 81 $%9 ='& +$ PP2.  

7'& +. µD+#.8. +.6 &-+'$%1'"A+'*@6 '*&-0+.+&6 +A- &"'4)!+A- 

)'=-'-$*!++&#'-$9>A- !/$8+#Aµ4+A- >#.8'µ$/$'@(.*1 . $!8,& 2,2-"'B&'-!)$-1-

/'*#!)!"#&J9)'$ (2,2-diphenyl-1-picrylhydrazyl, DPPHK) &/0 +.- 1+&'#1,& SIGMA.  
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2.2.3 !"#$"%&'( %"%)*+,(,-. -"-'&"/&-'µ0"1" 2)1,%3"4" 

!"# $% &"'(')*%+% '*&',-µ'*%. /&(01/$"23. "2#*-$%$#. $4* 

#*#+/*&/#+µ5*4* 6(4$'7*8* 59"*' '68#+% 20 6'(:60/ 4(8* µ' µ:# +'"(; 

+/*<'$"28* 2#" =/+"28* /60+$(4µ;$4* +/925*$(4+%. 10 mg/ml +' +/92'("µ5*0 

pH 2#" <'(µ02(#+:# #*;109# µ' $% µ'1'$0)µ'*% 6(4$'>*%. ? +/925*$(4+% $4* 

#*#949"28* +#2,;(4* 60/ 6(052/6$#* 6(0+&"0(:+$%2#* µ' $% µ5<0&0 $0/ 

&"*"$(0+#1"2/1"20) 0@50. (DNS) (Miller 1959). ? 2#µ6)1% #*#=0(;. 

2#$#+2'/;+$%2' µ' &"#&0,"25. #(#"8+'". 6(-$/60/ &"#1)µ#$0. 91/2-A%. 

+/925*$(4+%. 2 mg/ml.  

 

2.2.4 56)%'( 708,9',1" '&":(;4" /)<'(. ;-9 2)='/9=)9'µ+. 

',-:%)+,(,-.  

B'$; #6- $0* '*$06"+µ- $0/ /60+$(8µ#$0. '2':*0/ +$0 060:0 % 

#*#+/*&/#+µ5*% 6(4$'>*% 6#(0/+:#A' $% µ'9#1)$'(% &(#+$"2-$%$#, 

6(0+&"0(:+$%2#* 0" C51$"+$'. +/*<32'. &(;+%. 2#<8. 2#" % +$#<'(-$%$# +' 5*# 

')(0. pH 2#" <'(µ02(#+"8*. D"0 +/92'2("µ5*#, 9"# $%* ')('+% $0/ C51$"+$0/ pH 

&(;+%. 59"*' &"#1/$060:%+% $0/ '6"1'9µ5*0/ /60+$(8µ#$0. +$# #2-10/<# 

(/<µ"+$"2; &"#1)µ#$# : 0.1 M 2"$("2--=4+=0("2- (pH 3.0, 4.0, 5.0, 6.0, 7.0), 0.1 M 

Tris-HCl (pH 7.0, 8.0, 9.0) 2#" 0.1 ! 91/2:*%-NaOH (pH 9.0, 10.0, 11.0). 

E2010/<0)+' '68#+% µ' $%* 6(4$'>*% 9"# 5 h +' +/92'2("µ5*% <'(µo2(#+:# 2#" 

+$% +/*5,'"# µ'$(3<%2#* $# #*#949"2; +;2,#(# µ' $% µ5<0&0 DNS. E*$:+$0",#, 9"# 

$%* ')('+% $%. C51$"+$%. <'(µo2(#+:#. &(;+%. 59"*' '68#+% 5 h µ' $0 '6"1'9µ5*0 

/6-+$(4µ# $0 060:0 ':,' 6(0%90)µ'*# &"#1/$060"%<': +' (/<µ"+$"2- &";1/µ# 

2#$;11%10/ pH +' 5*# <'(µ02(#+"#2- ')(0. 30-90 oC µ' C3µ# 10 oC. 

!"# $0* 6(0+&"0("+µ- $%. +$#<'(-$%$#. +' &"#=0('$"2; pH 59"*' '68#+% $%. 

6(4$'>*%. +$# (/<µ"+$"2; &"#1)µ#$# 60/ ':,#* ,(%+"µ060"%<': 2#$; $%* ')('+% $0/ 

C51$"+$0/ pH +' <'(µ02(#+:# 4 oC 9"# 1, 8 2#" 24 h. E2010)<%+' µ5$(%+% $%. 

'*#60µ5*0/+#. '*A/µ"23. &(#+$"2-$%$#. +$". C51$"+$'. +/*<32'. &(;+%. 2#" µ' $0 

'6"1'9µ5*0 /6-+$(4µ#. E*$:+$0",#, 9"# $%* ')('+% $%. <'(µ02(#+"#23. 

+$#<'(-$%$#. % 6(4$'>*% 6#(5µ'"*' +$0/. 30-90 oC 9"# 1, 8 2#" 24 h 2#" +$% 

+/*5,'"# 6(0+&"0(:+$%2' % '*#60µ5*0/+# '*A/µ"23 &(#+$"2-$%$#. 
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2.2.5 !"#$%& '()*+"*&, *" -+./#0%10, '1#0*-23-(4%", 

! "#$%&'&(&% )*'+",+(- &.$ %$%+#$"#%+µ/$.$ )*.&,0$1$ +, %"234#&5#- 

)54#+%67%*8&,- )*5+"25*8+&(6, )525&263 µ, 93+( µ8% µ/:5"5 )5# ),*2;*3<,&%2 %)' 

&5#- Bolam et al. (Bolam, Xie et al. 2004). 50 ml "/&5- )*.&,=$(- (~20 µg) 

%$%µ87:(6%$ µ, 2 mg %"234#&5# )54#+%67%*8&( 6%2 &5)5:,&>:(6%$ +, )%;'45#&*5 

#)' >)2% %$3",#+( ;2% ),*8)5# 1 h. ?&( +#$/7,2% &5 µ8;µ% <#;56,$&*>:(6, 6%2 &5 

#),*6,8µ,$5 )5# ),*2,87, &( µ( ",+µ,#µ/$( )*.&,=$( %)5µ%6*@$:(6,. A5 8B(µ% 

,)%$%"2%4#&5)52>:(6, +, *#:µ2+&26' "234#µ% 6%2 <#;56,$&*>:(6,, "2%"26%+8% )5# 

,)%$%4><:(6, "@5 <5*/-. C6545@:(+, 9*%+µ'- +, 15 µl *#:µ2+&265@ "2%4@µ%&5- µ, 

10% (w/v) SDS ;2% 10 min 1+&, $% %)56544(:,8 ( ,$",75µ/$.- )*5+",",µ/$( 

)*.&,=$(. ! )*.&,=$( +&% "@5 643+µ%&% (#),*6,8µ,$5 )*1&(- <#;56/$&*(+(- 6%2 

µ,&3 %)' 9*%+µ' µ, SDS) %$27$,@:(6, µ, (4,6&*5<'*(+( SDS-PAGE. 

 

2.2.6 56%.+(/*"., 0+()#0*&, 2-. '".(/µ-%- *06"(7.%.*µ18 

D2 %$&2"*3+,2- #"*'4#+(- )*%;µ%&5)52>:(6%$ +, +.4>$,- &@)5# eppendorf 

&.$ 2 ml, 52 5)5852 &5)5:,&>:(6%$ +, :,*µ%2$'µ,$5 ,).%+&>*% Eppendorf 

Thermomixer Comfort (Eppendorf, E,*µ%$8%) #)' %$3",#+( 1000 rpm 6%2 +, 

+#;6,6*2µ/$( :,*µ56*%+8%. 1.5 ml ,$B#µ265@ µ8;µ%&5- "2%4#µ/$5# +, 6%&344(45 

*#:µ2+&26' "234#µ% )%*5#+8% 0.02% (w/v) NaN3 )*5+&/:(6%$ +&5 )*5- #"*'4#+( 

#)'+&*.µ% &,426>- +#;6/$&*.+(- 3% (w/v). E2% &( µ,4/&( &(- ,)8"*%+(- 

%$%;.;261$ 5#+21$ +&($ ,$B#µ26> 4,2&5#*;8% )*5+&/:(6, &*2- (2-

6%*95F#%2:#45)<.+<8$( (TCEP) > %+65*926' 5F@ +, &,426> +#;6/$&*.+( 5 mM. D2 

)5+'&(&,- &.$ ,$B#µ261$ ,µ)5*261$ +6,#%+µ3&.$ )5# 7*(+2µ5)52>:(6%$ +&% 

),2*3µ%&% +#$,*;2&2+µ5@ ,6<*%+µ/$,- +, mg )*.&,=$(- / g #)5+&*1µ%&5- >&%$ 52 

%6'45#:,-: 11, 2.5 6%2 14 ;2% &% Celluclast, EGII 6%2 CBHI, %$&8+&527%. G3:, <5*3 

;2$'&%$ )*5+:>6( 9-;4#65B2"3+(- +, )5+5+&' ~3% (w/w)  ,)8 &5# +#$54265@ 

)*.&,0$265@ <5*&85#. C$3 &%6&3 7*5$263 "2%+&>µ%&% 4%µ93$5$&%$ ",8;µ%&% (~60µl) 

%)' &2- %$&2"*3+,2- 6%2 µ,&*5@$&%$ &% %$%;.;263 +367%*% µ, &( µ/:5"5 DNS. H4,- 

52 %$&2"*3+,2- /;2$%$ ,2- "2)45@$. 



!""!

2.2.7 !"#$%µ&'& ()*"$+#'#(µ,- µ" ."$µ/0#1& 2*3)µ&  

 H !"#$% &%' StCel61 ()&# &%* +!",-+$% &.+ +!"./0"µ1(# 

()&0"2)$µ3*.+ #4+".+ $5&.+ (PWS) )6, µ52µ) /0"µ,71-8* 0*9:µ8* µ0-0&;/%(0 

$&) 6-)5$1) µ5)' $+*0"2)$5)' µ0 &%* .µ#!) &%' <". Liisa Viikari $&. =)*061$&;µ1. 

&.+ >-$5*(1 (Department of Food and Environmental Sciences, University of 

Helsinki). ?) 601"#µ)&) )+&# 6")2µ)&.6.1;/%()* )6, &% <". Nóra Szijártó. ?. 

µ52µ) /0"µ,71-8* 0*9:µ8* )6.&0-05&. )6, &%* 0*!.2-.+()*#$% Cel5A &.+ T. 

aurantiacus (TaEGII) $0 6.$.$&, 17% (w/w), &1' (0--.@1.A!".-#$0' Cel7A &.+ 

Acremonium thermophilum (AtCBHI) ()1 Cel6A &.+ Chaetomium thermophilum 

(CtCBHII) $0 6.$.$&# 52% ()1 17% (w/w), )*&5$&.14), ()1 &%* B+-)*#$% Xyn10A 

&.+ T. aurantiacus (TaXYL) $0 6.$.$&, 14% (w/w). C0 ,-0' &1' +!".-:$01' 

6".$&3/%()* 2 mg/g +6.$&"Dµ)&.' )6, &% @-2-+(.91!#$% Cel3E &.+ A. 

thermophilum (At@G). F1 )*&1!"#$01' 6")2µ)&.6.1;/%()* 21) 72 h $0 $8-;*0' 

&:6.+ falcon &8* 10 ml +6, )*#!0+$% 250 rpm ()1 $0 /0"µ.(")$5) 55 oC. 5 ml 

0*9+µ1(.: µ52µ)&.' !1)-+µ3*.+ $0 "+/µ1$&1(, !1#-+µ) (1&"1(.: *)&"5.+ 

$+2(3*&"8$%' 50 m! ()1 pH 5.0, 0.02% (w/v) NaN3, 6".$&3/%()* $0 2% (w/v) 

PWS. <052µ)&) )6, &1' )*&1!"#$01' -;7/%()* $&1' 24 ()1 72 h ()1 µ0&";/%()* &) 

)*)2821(# $#(4)") µ0 &% µ3/.!. DNS. G-0' .1 )*&1!"#$01' 321*)* 01' !16-.:*. 

 

2.2.8 42'$5(5 &*'#,6"#78'#9:; #9&*/'5'&; 1#+*#*,9)''&$#*,-<8* 

)=,('$8µ%'8* 

=".$!1."5$&%(0 % )*&1.B01!8&1(; 1()*,&%&) &8* )!1#-+&8* 

-12*1*.(+&&)"1*.:48* +6.$&"8µ#&8* +!"./0"µ1(# ()&0"2)$µ3*. #4+". $5&.+ 

(PWS), 6".()&0"2)$µ3*. µ0 )&µ, 3-)&. (PS) ()1 &8* !:. 6".A!".-+µ3*8* 

)-()-1(D* 6.-&D* (PP1 ()1 PP2). H 5!1) !1)!1()$5) 06)*)-;7/%(0 21) &. 

µ0/)*.-1(, 0(4:-1$µ) &8* 6)")6#*8 +-1(D*. H 0(4:-1$% µ0 µ0/)*,-% 

6")2µ)&.6.1;/%(0 $0 !1#&)B% Soxhlet. 10 g +6o$&"Dµ)&.' 0(4+-5$&%()* µ0 

µ0/)*,-% !1)!.41(# 10 7."3', !1)!1()$5) 6.+ !1;"(0$0 60"56.+ 5 h ()1 &. &0-1(, 

0(4:-1$µ) $+µ6+(*D/%(0 $0 &0-1(, ,2(. 20 ml (Suzuki et al., 2008).  

I1) &% µ3&"%$% &%' )*&1.B01!8&1(;' 1()*,&%&)' 4"%$1µ.6.1;/%(0 % 0-0:/0"% 

"59) DPPHJ (2,2-diphenyl-1-picrylhydrazyl, 2,2-!17)1*+-.-1-61("+-+!")9:-1.) ,68' 



! "#!

!"#$%#&'"()$ )!* (+ Serpen ,)$ (+-. /-0"#%&(". (+- (Serpen, Capuano et al. 2007). 

1 "2"34"#5 #67) DPPH8 )!+##+'& /() 515 nm. 9!* (5 µ"6:/5 /(50 ($µ; (5. 

µ"(#+3µ"05. )!+##*'5/5. ,)(& (5 <=/µ"-/; (+- DPPH8 )!* (50 -!* µ"2=(5 +-/6) 

",($µ&()$ 5 )0($+>"$<:($,; (5. <#&/5. A#?$,& µ"(#;45," 5 )!+##*'5/5 /() 515 nm 

<$)23µ)(+. DPPH8 /" µ"4)0*25 /-%,=0(#:/5. 0.1 mM. @(5 /-0=?"$), =%$0" 

!#+/4;,5 -!+/(#Aµ)(+. ,)$ µ"4)0+2$,+3 ",?-26/µ)(+. /" <$&'+#". ("2$,=. 

/-%,"0(#A/"$., (+ µ6%µ) )0)<"3(5," %$) 10 min ,)$ µ"(#;45," 5 )!+##*'5/5 /() 

515 nm. 1 )0($+>"$<:($,; $,)0*(5() ",($µ;45," µ=/: %#)µµ$,;. !)2$0<#*µ5/5. 

)!* (50 !+/*(5() (+- -!+/(#Aµ)(+. !+- )!)$(+30()0 %$) (50 ,)()0&2:/5 (+- 50% 

(5. )#?$,;. !+/*(5(). DPPH8(EC50).  

 

2.2.9 !"#$%& "'()*+,&- ).,/"010 µ"%+##.210 .30%40 ,%& )*+,%.23%&%+ 

%40 GH61 

 B#+,"$µ=0+- 0) <$"#"-054"6 + #*2+. (:0 <$/4"0A0 µ"()22$,A0 $*0(:0 /(5 

<#&/5 (5. StCel61 )22& ,)$ !A. )-(; "!5#"&7"()$ )!* (5 '3/5 (+-., 

!#)%µ)(+!+$;45," µ6) /"$#& -<#+23/":0 !)#+-/6) <$)'+#"($,A0 µ"(&22:0. C$ 

)0($<#&/"$. !#)%µ)(+!+$;45,)0 /" ("2$,* *%,+ 0.5 ml ,)$ /-%,=0(#:/5 StCel61 1 

µ! /(+-. 50 +C %$) 16 h. D) &2)() !+- ?#5/$µ+!+$;45,)0 /" ("2$,; /-%,=0(#:/5 5 

mM /(+ µ6%µ) (5. )0(6<#)/5. ;()0: EnCl2, CaCl2, NiCl2, EgCl2, CoCl2 ,)$ ZnSO4. 

9#?$,& (*/+ 5 !#:("F05 */+ ,)$ (+ -!*/(#:µ) !+- 4) ?#5/$µ+!+$+30()0 /(50 

!"#)$(=#: !"$#)µ)($,; <$)<$,)/6) "!:&/(5,)0 µ" 10 mM ?52$,+3 -!+,)()/(&(5 

)$4-2"0+-<$)µ$0+-("(#)+>$,* +>3 (EDTA) !#+,"$µ=0+- 0) )!+µ),#-04+30 ;<5 

-!&#?+0() µ"()22$,& $*0() !+- 4) "!5#=)7)0 ($. ("2$,=. µ"(#;/"$.. B$+ 

/-%,",#$µ=0), 5 StCel61 !)#&µ"$0" /(+-. 37 + C %$) 10 min /(+ #-4µ$/($,* (5. 

<$&2-µ) (Tris HCl 100 mM pH 8.0) "µ!2+-($/µ=0+ µ" (EDTA), "0A (+ -!*/(#:µ) 

">$/+##+!;45," µ" <$)!6<-/5 =0)0($ #-4µ$/($,+3 <$)23µ)(+. ,$(#$,A0-':/'+#$,A0 

50 mM pH 5.0 !+- "!6/5. !"#$"6?" 10 mM ?52$,+3 -!+,)()/(&(5. 9,+2+345/" 

)!+µ&,#-0/5 (+- EDTA µ" !+22)!2=. <$)<+?$,=. !23/"$. (5. StCel61 ,)$ µ" 

<$)!6<-/5 /(50 !"#6!(:/5 (+- -!+/(#Aµ)(+. ?#5/$µ+!+$A0(). () 6<$) #-4µ$/($,& 

<$)23µ)(). 

 



!"#!

2.3 NMR !"# $%&'# "#( )*+,#( (Time Domain NMR) 

!"#$%&µ'(#) (* %+%,*-,%. *( / 0"1-/ ,2( GH61 %3/"%14%& ,/( $*,1-,*-/ 

$*& ,/ 5'-/ ,2( µ#".2( (%"#6 3#) 7".-$#(,*& -% *88/8%3.0"*-/ µ% ,&9 .(%9 ,/9 

$),,*".(/9, 3"*:µ*,#3#&;5/$*( 3%&"1µ*,* !)"/(&$#6 <*:(/,&$#6 =)(,#(&-µ#6 

-,# !%0.# ,#) >"?(#) (Time Domain NMR). @& µ%,";-%&9 3"*:µ*,#3#&;5/$*( -,# 

%":*-,;"&# ,#) Dr. Claus Felby (Center for Forest and Landscape, University of 

Copenhagen) -,* 38*.-&* µ.*9 %3.-$%A/9 µ&$";9 0&1"$%&*9 (Short Term Scientific 

Mission, STSM) B"/µ*,#0#,#6µ%(/9 *3? ,# 3"?:"*µµ* COST FP0602 

(http://www.cost.esf.org/domains_actions/fps/Actions/FP0602).  

H ,%B(&$; *),; B"/-&µ#3#&%.,*& %)"'29 :&* ,/ µ%8',/ ,/9 $*,1-,*-/9 ,2( 

µ#".2( (%"#6 3#) 7".-$#(,*& -% 0%.:µ*,* $),,*"&(C( $*& +682( $*5C9 $*& :&* ,/( 

%$,.µ/-/ ,/9 %3.0"*-/9 ,/9 7&#µ/B*(&$;9 $*,%":*-.*9 -,&9 *88/8%3&0"1-%&9 (%"#6-

$),,*".(/9 (Froix and Nelson 1975; Araujo, Mackay et al. 1993; Elder, Labbe et al. 

2006).  

<% ,/( %&-*:2:; ,#) 0%.:µ*,#9 µ'-* -,# µ*:(/,&$? 3%0.# '(,*-/9 Bo, 

3"#-*(*,#8.4#(,*& #& µ*:(/,&$'9 "#3'9 ?82( ,2( 3)";(2( -% -B'-/ µ% ,/( '(,*-/ 

,#) 3%0.#). @ 3"#-*(*,#8&-µ?9 *),?9 µ3#"%. (* %.(*& 3*"188/8#9 µ% ,/ Bo $*& 

B*µ/8?,%"#9 %(%":%&*$1 ($*,1-,*-/ * µ% $7*(,&$? *"&5µ? spin m=1/2 ?,*( s=1/2) ; 

*(,&3*"188/8#9 µ% ,/ Bo $*& )A/8?,%"#9 %(%":%&*$1 ($*,1-,*-/ 7 µ% m=-1/2 ?,*( 

s=1/2). D %(%":%&*$; 0&*E#"1 µ%,*+6 ,2( 06# *),C( $*,*-,1-%2( %.(*& 3#86 µ&$";, 

:&’*),? 3*"#)-&14%,*& µ.* µ&$"; 3%".--%&* 3)";(2( -,/ B*µ/8?,%"/ %(%":%&*$1 

-,15µ/.  

D %E*"µ#:; 3*8µC( /8%$,"#µ*:(/,&$;9 *$,&(#7#8.*9 $*,188/82( 

-)B(#,;,2( 3"#$*8%. ,/( %+.-2-/ ,2( 38/5)-µC( ,2( 3)";(2( -,&9 06# 

%(%":%&*$'9 $*,*-,1-%&9. F,*( 0&*$#3%. / *$,&(#7#8.*, #& 3)";(%9 %3*('"B#(,*& 

-,/( *"B&$; ,#)9 $*,1-,*-/. D *3#$*,1-,*-/ ,/9 &-#""#3.*9 -)(#0%6%,*& *3? 

µ%,*7#8; ,#) 3"#-*(*,#8&-µ#6 ,/9 µ*:(/,&$;9 "#3;9 ,2( 3)";(2( / #3#.* %31:%& 

,/ 0/µ&#)":.* /8%$,"&$#6 -;µ*,#9. G# /8%$,"&$? *),? -;µ* *(&B(%6%,*& *3? ,# 

3/(.# %$3#µ3;9/8;A/9, %(&-B6%,*& $*& µ#"E#3#&%.,*&. =,/ -)('B%&* )3?$%&,*& -% 

µ%,*-B/µ*,&-µ? Fourier $*,1 ,#( #3#.# ,# -;µ* -)(*",;-%& ,#) B"?(#) 

µ%,*-B/µ*,.4%,*& -,# *(,.-,#&B# E1-µ* -)(*",;-%& ,/9 -)B(?,/,*9.  



! "#!

!"# #$% &'( $#)#µ*&)+,( $+, $-)'.)/0+,1 &2 3'#3'4#5"# #,&6 -"1#' + 7)%1+( 

7#8/)952( spin-spin (T2). : &'µ6 &+, -;#)&/&#' 4,)"9( #$% &+ $%5+ -8-<=-)# 

µ$+)+<1 1# 4'1+<1&#' +' $,)61-( ,3)+.%1+,. >'# $#)/3-'.µ#, +' $,)61-( $+, 

?)"54+1&#' 5- 5&-)-/ 4#&/5&#52 *7+,1 µ'4)%&-)+,( 7)%1+,( 7#8/)952( #$% #,&+<( 

$+, ?)"54+1&#' 5- ,.)6 4#&/5&#52.   

@&+ 4,&&#)'1'4% $8*.µ# ,$/)7+,1 3<+ 4#&2.+)"-( µ+)"91 1-)+<, µ- 

3'#0+)-&'4+<( 7)%1+,( A2 (Hartley, Kamke et al. 1992). !- µ"# .-1'4-,µ*12 4#' 

#$8+,5&-,&'46 $)+5*..'52, +' 3<+ 4#&2.+)"-( µ+)"91 1-)+< -"1#' +' #4%8+,=-( 

(Felby, Thygesen et al. 2008): 

1. B)+53-3-µ*1+ 1-)% $+, 3'#4)"1-&#' $-)#'&*)9 5- #) $)9&-<+1 4#' ?) 3-,&-)-<+1 

$)+53-3-µ*1+ 1-)%. A+ $)9&-<+1 $)+53-3-µ*1+ 1-)% #8828-$'3)/ µ- &21 -$'0/1-'# 

&91 4,&&#)'1'4C1 '1C1 µ*59 3-5µC1 ,3)+.%1+, -1C &+ 3-,&-)-<+1 5,13*-&#' µ- &21 

2µ'4,&&#)"12, &2 8'.1"12 6 /88# µ%)'# 1-)+< µ- &)'7+-'3-"( 3,1/µ-'( 6 3-5µ+<( 

,3)+.%1+,. 

2. A+ -8-<=-)+ 1-)% $+, .-µ"D-' &# #,8/4'# &+, 0,&'4+< 4,&&#)'4+< &+'7Cµ#&+( 

%&#1 2 ,.)#5"# -"1#' 60-70% (4#&/5&#52 4+)-5µ+<).  

!- &2 7)652 -$+µ*19( &+, NMR 5&+ B-3"+ &+, 7)%1+, -"1#' 3,1#&% 1# 

4#&#.)#0-" 2 #88#.6 &2( 4#&/5&#52( &91 µ+)"91 1-)+< $+, #8828-$'3)+<1 µ- &+ 

0,&'4% 4,&&#)'4% &+"79µ# 4#' 4#&/ 5,1*$-'# 1# µ-8-&2=-" 2 -$"3)#52 &2( 3)/52( 

&91 4,&&#)'1+8,&'4C1 -1D<µ91 4#&/ &21 #$+3%µ252 &2( ?'+µ/D#(.  

>'# &2 µ-8*&2 &91 #88#.C1 $+, $)+4#8-" 2 3)/52 &2( FoCel61, 

7)25'µ+$+'6=24#1 3<+ 3'#0+)-&'4/ ,$+5&)Cµ#&#: Whatman filter paper No 1 4#' 

µ"57+( #)#?+5"&+, 4#&-).#5µ*1+( µ- +;< (-,.-1'46 $)+50+)/ &+, Dr. Claus Felby). 

B)'1 #$% &2 7)652, + µ"57+( #)#?+5"&+, -4$8*1-&#' #)4-&*( 0+)*( µ- #$'+1'5µ*1+ 

1-)% 4#' 5&+ &*8+( #061-&#' 1# 5&-.1C5-' 5- 5,1=64-( 39µ#&"+,. >'# 4/=- 

4#&-).#5"#, 5- 59821"54+ NMR &+$+=-&+<1&#1 100 mg ,$+5&)Cµ#&+( 4#' 4#&%$'1 

&# *1D,µ# 5- ),=µ'5&'4% 3'/8,µ# 4'&)'4C1-0950+)'4C1 100 mM pH 5.5 (200 µl). E' 

µ-&)65-'( $)#.µ#&+$+'6=24#1 5&+,( 40oC -1C 2 5<5&#52 &91 -1D,µ'4C1 µ'.µ/&91 

$#)+,5'/D-&#' 5&+1 B"1#4# 2.9.  

 



!"#!

!"#$%$& 2.9 !"#$%#& '()*µ+,-( µ+.µ/$0( 12* 34&#+µ212+56&,%( #$% 1'+4/µ%$% 
NMR #$2 7'892 $2* :4;(2*. 

'()*+,-µ$ ./"0µ$ 12*+$*3 4#56µ7%82 9"0µ$+8& 

1a 11 µM FoCel61 

2a 1.1 µM FoCel61 

3a 5 µM CBHI, 3.5 µM EGII, 0.1 µM <-gluc. 

4a 11 µM FoCel61 + (5 µM CBHI, 3.5 µM 
EG==, 0.1 µM <-gluc.) 

5a 1.1 µM FoCel61  + (5 µM CBHI, 3.5 µM 
EGII, 0.1 µM <-gluc.) 

Whatman filter paper No 1 

6a (8'9.µ% 
'>?.32*) 

@1'('4.212+&µ?(% ?()*µ% µ' 6?4µ%(#& 
#' #*.,'($4-#'+A ;10A $2* 8'9.µ%$2A 4a 

1b 11 µM FoCel61 

2b 1.1 µM FoCel61 

3b 11 µM FoCel61 + 30µl Celluclast 

4b 1.1 µM Cel61 + 30µl Celluclast 

5b 30 µl Celluclast 

B9#32A %4%<2#9$2* 
,%$'4.%#µ?(2A µ' 2C" 

6 b(control) @1'('4.212+&µ?(% ?()*µ% µ' 6?4µ%(#& 
#' #*.,'($4-#'+A ;10A $2* 8'9.µ%$2A 3b 

 

D+ µ'$45#'+A NMR 

14%.µ%$212+56&,%( #' E%#µ%$2-

.4/E2 Bruker mq20-Minispec 

(F+,;(% 2.6) µ' µ;(+µ2 µ%.(5$& 

0.47 Tesla (#*3(;$&$% #*($2(+-

#µ2" 140$2(90( 20 MHz). G $+µ5 

$2* 34;(2* H2 142#8+249#$&,' µ' 

$& #'+4/ Carr-Purcell-Meiboom-

Gill (CPMG). !*>>?36&,%( 

1'4912* 5000 #5µ%$% %($53&#&A 

(echoes) µ' 8+%304+#µ; 1%>µ-( 

0.05 msec, >5I& 32 #%4-#'0( ,%+ 



! "#!

!"#$% &$&'(')*+,- 5 sec. ./& 0%$ 1"%+2/%"/+µ# 0,- '&0&$%µ3- 0*$ !"#$*$ 

!&)4"*+,- !",+/µ%1%/35,'6 , µ75%2%- µ60&+!,µ&0/+µ%8 Laplace CONTIN 

(Provencher 1982). 

9"/$ &1# 0,$ 7$&":, '456 16/"4µ&0%- (t=0), 0& 26;<µ&0& (81#+0"*µ& '&/ 6$=8µ/'# 

µ;<µ&) 61*4=%$0&$ </& 15min +0%8- 40 oC. >/ µ60"3+6/- 1"&<µ&0%1%/35,'&$ 6/- 

2/1)%($ 0/- !"%$/'7- +0/<µ7- 0, 15, 30, 60, 120 '&/ 180 min. 

 

2.4 !"#$%&''()"&*+,-. µ/'-%/. 

2.4.1 0"1%/23/. 4(# 5"6$+µ(4(+786,&3 )+& ,"#$%9''1$6 

?0% 1)&;+/% 0,- 1&"%(+&- 6"<&+;&- 1"&<µ&0%1%35,'&$ 2%'/µ7- 

'"8+04))*+,-  </& 0/- 1"*06@$6- 1%8 1&"%8+/4=%$0&/ +0%$ 9;$&'& 2.10.  

 

0:3&,&. 2.10 >/ 1"*06@$6- </& 0/- %1%;6- 1"&<µ&0%1%/35,'&$ 2%'/µ7- 
'"8+04))*+,- +0,$ 1&"%(+& 6"<&+;&. 

0"1%/236 ;+,()-3/+& <:=(. >+,"((")&3+$µ?. 

A8)&$4+, (FoXyn10a) GH10 B8+/'# F. oxysporum 

C+06"4+, 0%8 
D6"%8)/'%( %:7%- 

(FoFaeC) 
E(1%- C F)*$%1%/,µ7$%, 

P. pastoris F. oxysporum 

StCel61 GH61 F)*$%1%/,µ7$%, 
P. pastoris S. thermophile 

FoCel61 GH61 F)*$%1%/,µ7$%, 
P. pastoris F. oxysporum 

 

 >/ '"8+0&))%<"&D/'7- µ6)706- 1"&<µ&0%1%/35,'&$ +0% G$+0/0%(0% 

>"<&$/'3- '&/ B&"µ&'680/'3- H,µ6;&- 0%8 C5$/'%( G2"(µ&0%- C"68$I$ (G>BH, 

CGC) '&5I- '&/ +0% C"<&+03"/% F"8+0&))%<"&D;&- 0%8 G$+0/0%(0%8 H,µ6;&- 0%8 

9&$61/+0,µ;%8 0,- F%16<!4<,-. ./& 0,$ 6("6+, &"!/'I$ +8$5,'I$ '"8+04))*+,- 

!",+/µ%1%/35,'&$ 0& &'#)%85& 6µ1%"/'4 +'684+µ&0& '"8+04))*+,-: JCSG-plusTM 

Screen (MD1-37), PACT premierTM, HT-96 (MD1-36) &1# 0,$ 60&/"6;& Molecular 



!"#!

Dimensions (!""#$%), JCSG+ suite, PACT 

suite &%' PEGs Suite %() *+, -*%'.-$% Qiagen 

(/-.µ%,$%) &%' *0 INDEX HT %() *+ 

Hampton Research (!µ-.'&1). 2% 

3&-453µ%*% %4*5 (-.'#%µ65,04, µ$% µ-"5#+ 

(0'&'#$% 34,7+&8, &.43*5##93+: (96 %,5 

3&-;%3µ%) %4<5,0,*%: =*3' *': ('7%,)*+*-: 

-('*4>0;: &.43*5##93+: *9, (.9*-?,8,. 2% 

%.>'&5 (-'.5µ%*% &.43*5##93+: 

(.%"µ%*0(0'17+&%, %4*0µ%*0(0'+µ=,% µ- *+ 

6017-'% .0µ()* &.43*5##93+: (OryxNano 

&%' Oryx8 *+: -*%'.-$%: Douglas Instruments, 

Ltd) 3- -'@'&5 ('5*% 96 7=3-9, (MRC 

Crystallization plate, Molecular Dimensions) 

(A'&),% 2.7). B µ=70@0: (04 

>.+3'µ0(0'17+&- 1*%, + @'5>43+ %*µ8, µ- 

&%71µ-,+ 3*%"),%. 20 @'5#4µ% (.9*-C,+: 

%,%µ$>7+&- µ- *0 @'5#4µ% &.43*5##93+: (µ+*.'&) @'5#4µ%) 3- %,%#0"$% 2:1 1 1:1 

3>+µ%*$D0,*%: 3*%"),% *-#'&0; )"&04 0.3 1 0.5 µl %,*$3*0'>%, + 0(0$% 

-<'30..0(17+&- =,%,*' 100 µl @'%#;µ%*0: &.43*5##93+: (µ+*.'&) @'5#4µ%) 3- 

>8.0 &#-'3µ=,0 %-.03*-"8:. E%*5 *+ @'%@'&%3$% *.0(0(0$+3+: *9, %.>'&8, 

34,7+&8, (.0&-'µ=,04 ,% %,%(*4>70;, &%#;*-.0' &.;3*%##0' 0' &.43*%##83-': 

(.%"µ%*0(0'17+&%, -($3+: 3- ('5*% 24 7=3-9, (VDX plates, Hampton Research) µ- 

3*%"),-: µ-"%#;*-.04 )"&04 (34,179: 2 µl) 

!

2.4.2 !"#$%&$'(')*&* +,-%./0 &102*./0 .,1&$3##4&*5 

 F-*5 *0, (.03@'0.'3µ) *9, 34,7+&8, (04 0@+"0;3%, 3*0 3>+µ%*'3µ) 

(.9*-?,'&8, &.43*5##9, 1 %&)µ% &%' 'D1µ%*0: &.43*%##'&1: G;3-9:, -('>-'.17+&- 

+ 6-#*'3*0(0$+3+ *9, 34,7+&8, µ- 3&0() *+, %,5(*4<+ &.43*5##9, &%*5##+#9, 

"'% 34##0"1 @-@0µ=,9, %&*$,9,-H. 

B @'%@'&%3$% %4*1 34µ(-.'#5µ6%,- %##%"1 *04 )"&04 *+: 3*%"),%:, *+: 

*->,'&1: &.43*5##93+:, *+: 34"&=,*.93+: *+: (.9*-C,+: 1 &5(0'04 %() *04: 



! "#!

!"#$%&'()* +#,-($../-0*, (&, pH +"1 (0* 2)#µ&+#"-3"* +"24* +"1 "'(1+"($-("-0 

+$!&1&, )+ (/' -,-("(1+4' (&, 51".6µ"(&* +#,-($../-0* "!7 µ1" 80µ1+$ 

!"#"µ9)#: &,-3". ;!3-0*, !&..<* 9&#<* )!18)1#:20+) 0 8#:-0 !#7-2)(/' 

!#&-µ3=)/' !&, 2" µ!&#&6-"' '" +"("-(:-&,' !1& !,+': +"1 &µ&17µ&#90 (0 

51),2<(0-0 (/' !#/()>'1+4' µ&#3/' -(&' +#6-("..& (Additive Screen HT, Hampton 

Research). ?3" $..0 ()8'1+: !&, 8#0-1µ&!&1:20+) :("' ",(: (0* µ1+#&-!&#$* 

(streak seeding) +"($ (0' &!&3" µ1+#&+#6-("..&1 µ)("9<#&'("1 µ) (#38" ".7%&, -) 

51",%: )=1-&##&!0µ<'0 -("%7'" -(0' &!&3" <'"* "!7 (&,* +"("+#0µ'1-(1+&6* 

!"#$%&'()* : 0 !#/()>'0 @#3-+)("1 -) 8"µ0.7()#0 -,%+<'(#/-0 "!7 ",(: !&, 

&50%)3 -(0 50µ1&,#%3" µ1+#&+#,-($../' (Bergfors 2003). A1 +#6-("..&1 ",(&3 

"!&().&6' 2<-)1* !,#:'/-0* "!7 (1* &!&3)* "'"!(6--&'("1 µ)%".6()#&1 

+#6-("..&1. A1 µ1+#&+#6-("..&1 µ!&#&6' )!3-0* '" !#&-()2&6' µ) !1!<((" -) 

µ&#9: 51".6µ"(&* /* )!1!.<&' -,-("(1+7 (0* -("%7'"* +#,-($../-0* 

(microseeding method). B1" (0' )!1@#$5,'-0 (0* "'$!(,=0* (/' +#,-($../' 

!#&-(<20+) %.,+)#7.0 10% -(& 51$.,µ" +#,-($../-0* : 10 µl µ3%µ"(&* 1:1 

!"#"93'0*--1.1+7'0* "!7 (0' )("1#)3" Fluka (Buchs, ;.@)(3"). 

!

2.4.3 !"##$%& '('$µ)*+* ,(-./#0123 045.*+*-6 

 C "+(1'&@7.0-0 (/' +#,-($../' !#"%µ"(&!&1:20+) ,!7 +#,&%)')3* 

-,'2:+)* (100 D). E#&+)1µ<'&, '" "!&9),82)3 & -80µ"(1-µ7* !$%&, +"1 +"($ 

-,'<!)1" 0 +"("-(#&9: (&, +#,-("..1+&6 !.<%µ"(&* +"($ (0 µ)("9&#$ -(& ,%#7 

F2, & +#6-("..&* )µ@"!(3-20+) -) 51$.,µ" +#,-($../-0* )µ!.&,(1-µ<'& µ) 

+$!&1& +#,&!#&-("(),(1+7 µ<-& 7!/* "12,.)'&%.,+7.0, %.,+)#7.0 +"1 !&1+1.3" 

!&.,"12,.)'&%.,+&.4' 8"µ0.&6 µ&#1"+&6 @$#&,*. G) &#1-µ<')* !)#1!(4-)1* 0 

-6-("-0 (&, µ0(#1+&6 51".6µ"(&* )3'"1 (<(&1" 4-() '" µ0' )!1@$..)("1 !#&-2:+0 

)!1!.<&' +#,&!#&-("(),(1+:* &,-3"*. C "+(1'&@7.0-0 (/' +#,-($../' ,!7 

+#,&%)')3* -,'2:+)* (100 D) <%1') -(&,* "+7.&,2&,* -("2µ&6* -,%8#&(#&'1+:* 

"+(1'&@&.3"*: SRS, Daresbury Laboratory (H%%.3"), EMBL Hamburg outstation – 

-("2µ7* X13 (Hµ@&6#%&, B)#µ"'3"), MAXLAB, -("2µ7* 911-2 (Lund, G&,053") 

+"24* +"1 -(0' !0%: "+(3'/' SuperNova diffractometer (. = 1.5415 Å) (0* )("1#)3"* 

Oxford Diffraction (Agilent Technologies) !&, @#3-+)("1 )%+"()-(0µ<'0 -(& IAJK, 

;I; (;1+7'" 2.8). C "'$.,-0 (/' +#,-("..&%#"91+4' 5)5&µ<'/' <%1') µ) (" 



!"#!

!"#$"%µµ&'& MOSFLM (Leslie, 1992) (&) SCALA (Evans 2006) '#* !&(+'#* CCP4 

(Collaborative Computational Project 4, Number 4, 1994). 

!
2.4.4 !"#$%&#"&$µ'( )*( )"&$%&+$),)*( %#µ-( .,& /0123#( ,4&#5&$)6,( 

5"7)189&.#: µ#9)/0#; 

,'-. !&"#/0& 1"$&02&, - 3#µ4 '-5 6*7&.%0-5 FoXyn10a 1!)7/8-(1 µ1 

19&"µ#$4 '-5 µ18:3#* µ#")&(45 &.')(&'%0'&0-5 µ+0; ';. !"#$"&µµ%';. BALBES 

(Long, Vagin et al. 2008) (&) PHASER (McCoy, Grosse-Kunstleve et al. 2007) '#* 

!&(+'#* CCP4. <"-0)µ#!#)48-(1 1!20-5 '# !":$"&µµ& Buccaneer (Cowtan 2006) 

'# #!#2# &.&(&'&0(1*%=1) '-. !";'1>.)(4 &7*023& (%.8"&(15 C&) 0'-. 

-71('"#.)&(4 !*(.:'-'&. ?# '17)(: µ#.'+7# !"#+(*@1 µ1'% &!: µ2& 01)"% (/(7;. 

A17')0'#!#2-0-5 µ+0; '#* !"#$"%µµ&'#5 REFMAC (Murshudov, Vagin et al. 1997) 

(&) &.&(&'&0(1*45 '#* !";'1>.)(#/ µ#.'+7#* µ1 '# !":$"&µµ& µ#")&(B. $"&9)(B. 

COOT (Emsley, Lohkamp et al. 2010). C1 D"40- '#* &*'#µ&'#!#)-µ+.#* 

!";':(#77#* '#* COOT, !"#0'+8-(&. '& µ:")& .1"#/ !#* 0D-µ%')=&. 32('*& 

310µB. *3"#$:.#* µ1 '-. !";'1E.- (&) '& %77& µ:")& 3)&7/'-. F &6)#!)0'2& '#* 

'17)(#/ µ#.'+7#* 17+$D8-(1 µ1 '# !":$"&µµ& MOLPROBITY (Chen, Arendall et al. 

2010) (&8B5 (&) µ1 &.%7*0- '#* 3)&$"%µµ&'#5 Ramachandran (Ramachandran, 



! "#!

Ramakrishnan et al. 1963). ! "#"$%&'(' )*µ+,-# *µ*./01# 23"0µ"&*2*+%4',5 µ5 

&*# 5672'35&'&% Dali (Holm and Rosenstrom 2010) ,"+ ' 2*.."2.% )*µ+,% (&*89+(' 

µ5 &* 23/03"µµ" MultiProt (Shatsky, Nussinov et al. 2004). ! (:,3+(' µ5 )*µ;< 

*µ/.*01# 67."#"(-# 23"0µ"&*2*+%4',5 µ5 &* 23/03"µµ" SUPERPOSE (Krissinel 

and Henrick 2004) 5#- *+ 5+,/#5< 0+" &'# *2&+,*2*8'(' &'< ,"+#*:3+"< )*µ%< 

2"3=94',"# µ5 &" 23*03=µµ"&" Pymol (The PyMOL Molecular Graphics System, 

Version 1.2r3pre, Schrödinger, LLC)  ,"+ MolSoft (Raush, Totrov et al. 2009). 

 



!"#!

3. !"#"$%$& '"( )(*+,µ('-. +"#"'/,#(0µ-. 12* 3#%/45676 /,. 

*('*$864(". 61 /,. )90,. 141*µ86%6 CAZy. 

3.1 GH61 "3- /* :4#µ-;(<* µ2',/" Sporotrichum thermophile (StCel61) 

3.1.1 =3(<*$& 6*>'<4*/(1('&. "<<,<*>+?". "3- /* $*6(1?%µ" /*> S. 

thermophile 

! "#µ$%&'()*+ µ,-#%$+ S. thermophile .$/&01(23'( 04#56 7(&%'8"&5&9(-6 

'")($:;/&" 569< %#+ (-$"6%#%2+ %&0 "$ )($1.2 $.&%'5'1µ$%(-2 %#" -0%%$/="# 1' 

04#5;+ >'/µ&-/$1='+. ? '"30µ(-* $.&(-&)6µ#1# %#+ :0%(-*+ 7(&µ23$+ 1' 

>'/µ&-/$1='+ µ'9$5,%'/'+ %<" 50 oC .$/&01(23'( µ=$ 1'(/2 .5'&"'-%#µ2%<" 6.<+ 

'="$( &( $0@#µ;"&( /0>µ&= 0)/6501#+, # µ'=<1# %&0 -("),"&0 '.(µ650"1#+ %&0 

$"%()/$1%*/$, # -$5,%'/# µ'%$:&/2 µ23$+ -$( # µ'=<1# %&0 (@A)&0+ %&0 

0.&1%/Aµ$%&+ µ' $.&%;5'1µ$ "$ 8/#1(µ&.&(&,"%$( µ'9$5,%'/'+ 109-'"%/A1'(+ 

7(&µ23$+ 9($ '"30µ(-* 0)/6501#  (Margaritis and Merchant 1986). B"$ 255& 

8$/$-%#/(1%(-6 %&0 S. thermophile '="$( # ()(6%#%2 %&0 "$ $"$.%,11'%$( -$( "$ 

)($1.2 %#" -0%%$/="# 9/#9&/6%'/$ $.6 %&" '0/;<+ 8/#1(µ&.&(&,µ'"& µ,-#%$ T. 

reesei, .$/2 %& 9'9&"6+ 6%( .$/29'( 5(96%'/'+ -0%%$/("21'+ (Bhat and Maheshwari 

1987). C& 9'9&"6+ $0%6 1' 10")0$1µ6 µ' %# >'/µ6:(5# :,1# %&0 µ,-#%$, ;1%/'4' 

%& '/'0"#%(-6 '")($:;/&" 9,/< $.6 %& -0%%$/("&50%(-6 %&0 1,1%#µ$ 9($ %#" 

$"$-2504# ";<" '"30µ(-A" '"'/9&%*%<". C& 9&"()=<µ$ %&0 S. thermophile ATCC 

42464 ;9("' 9"<1%6 %&" D&,"(& %&0 2009 $.6 %& JGI (DOE Joint Genome Institute, 

US Department of Energy, Office of Science). E")($:;/&" .$/&01(23'( # ,.$/@# 

µ'9$5,%'/&0 $/(>µ&, 9&"()=<" .&0 -<)(-&.&(&," ./<%'F"'+ %#+ &(-&9;"'($+ 61 1' 

18;1# µ' %&" T. reesei, 9'9&"6+ .&0 $.&%'5'= ;")'(@# '"6+ )($:&/'%(-&, µ#8$"(1µ&, 

$.&(-&)6µ#1#+ %#+ :0%(-*+ 7(&µ23$+ $.6 %& S. thermophile $552 -$( 255&0+ 

µ,-#%'+ .&0 $"*-&0" 1%#" &(-&9;"'($ Chaetomiaceae, 6.<+ & T. terrestris (Berka, 

Grigoriev et al. 2011). 

G/#1(µ&.&(A"%$+ %# µ#8$"* $"$3*%#1#+ InterPro %#+ 721#+ )')&µ;"<" %&0 

9&"()(Aµ$%&+ %&0 S. thermophile (http://genome.jgi-

psf.org/Spoth2/Spoth2.home.html), '"%&.=1%#-$" $/8(-2 &( "&0-5'&%()(-;+ '-'="'+ 

$55#5&08='+ .&0 -<)(-&.&(&," 0.&>'%(-;+ ./<%'F"'+ &µ65&9'+ µ' µ;5# %#+ 

&(-&9;"'($+ 61. H%# 10";8'($, $"%(1%/;:&"%$+ %# )($)(-$1=$, ./&1)(&/=1%#-$" &( 



! ""!

!"#$%&'()*+ ,--.-/012%+ $.+ 345.+ 6%6/µ*'#' NCBI (National Center for 

Biotechnology Information,! http://www.ncbi.nlm.nih.gov/) !/0 !,"/05(47/0' 

/µ/-/82, µ% $, %!(-%8µ*', 8/'26(, 1".5(µ/!/(9'$,+ $/ %"8,-%2/ ,',7:$.5.+ BLAST  

(Basic Local Alignment Search Tool) (Altschul, Gish et al. 1990). ; 6(,6(),52, ,0$: 

/6:8.5% 5$.' %<"%5. %'=+ µ%84-/0 ,"(>µ/< 8/'(62#' !/0 )#6()/!/(/<' !"#$%?'%+ 

µ% ),$,-0$()/<+ $/µ%2+ /µ=-/8/0+ 5$.' /()/8*'%(, 61. @%-()4 %!(-*1>.)% $/ ,'/(1$= 

!-,25(/ ,'48'#5.+ (Open Reading Frame, ORF) !/0 3"25)%$,( 5$/ 1"#µ=5#µ, 

2:3103350-3104378 (Protein ID:46583) ),( )#6()/!/(%2 µ2, 0!/>%$(): !"#$%?'. µ% 

57% ),( 48% ,µ('/A(): $,0$=$.$, #+ !"/+ $/' ),$,-0$()= $/µ*, $.+ Cel61A 

(GenBank accession number CAA71999) ),( Cel61B (AAP57753) $/0 µ<).$, T. 

reesei, ,'$25$/(1,. 

!"#$%$& 3.1 B,",)$."(5$()4 $/0 8/'(62/0 Stcel61. ; 5.µ,$/6/$(): ,--.-/012, 
*))"(5.+ !"/56(/"25$.)% µ% $/ SignalP (Emanuelsson, Brunak et al. 2007), $/ 
>%#".$()= CD ),( pI µ% $/ ProtParam (Gasteiger E. 2005) %'9 /( >*5%(+ 8-0)/70-2#5.+ 
µ% $, NetNGlyc (http://www.cbs.dtu.dk/services/NetCGlyc/, (Gupta R. 2004) ),( 
NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc/, (Julenius, Molgaard et al. 2005). 

E#6()=+ Genome Portal 46583 

F%"(/1: (Scaffold) 2:3103350-3104378 

C:)/+ 8/'(62/0 1029 

G"(>µ=+ Gµ('/A*#' 343 

Gµ('/A*, 4-237: GH61 
H/µ()4 ,0$/$%-%2+ !%"(/1*+ – 

I()/8*'%(, CAZy 
Gµ('/A*, 310-338: CBM 1 

G"(>µ=+ %A#'2#' 1 

J.µ,$/6/$(): ,--.-/012, 
*))"(5.+ Gµ('/A*, 1-20: MSKASALLAGLTGAALVAA 

K%#".$()= C/"(,)= D4"/+ (Da) 33238 

K%#".$()= pI 5.59 

F(>,'*+ >*5%(+ L-8-0)/70-2#5.+: 1 
F%"(/1*+ M-0)/70-2#5.+ 

F(>,'*+ >*5%(+ I-8-0)/70-2#5.+: 23 



!"#!

! "#$%&'() *+%, "*#-+./01&/ &"2.)3 35%, 34%, 34% 4*/ 28% *µ/(-5/4, 

%*+%6%)%* µ& %/3 GH61 *"6 %-+3 µ74)%&3 A. nidulans (891602.2, EAA64722), P. 

chrysosporium (Cel61A, AAM22493), A. bisporus (CEL1, AAA53434) 4*/ C. 

heterostrophus (Eg6, AAM76663), *(%2.%-/:* (;/46(* 3.1). <- *(%2.%-/:- =-(2>/-, 

"-+ -(-µ0.%)4& Stcel61 >&( "&#/?:&/ &.6(/* =&=-(63 "-+ >/&+46@+(& %)( 

4@$(-"-2)., %-+ 4*/ %)( &%&#6@-=) ?4A#*.) %)3 *(%2.%-/:)3 "#$%&'()3 (B2(*4*3 

3.1). 

 

!"#$%& 3.1 B-@@*"@, .%-2:/.) *@@)@-+:2*3 %)3 StCel61 µ& 6 -µ6@-=&3 "#$%&'(&3 
"-+ *(,4-+( .%)( -/4-=?(&/* GH61: TrCel61A (GenBank accession number 
CAA71999) 4*/ TrCel61B (AAP57753) *"6 %- T. reesei, 891602.2 (EAA64722) 
*"6 %-( A. nidulans, PcCel61A (AAM22493) *"6 %- P. chrysosporium, AbCEL1 
(AAA53434) *"6 %-( A. bisporus 4*/ ChEg6 (AAM76663) *"6 %- C. heterostrophus. 
<* *µ/(-5?* "-+ &2(*/ 2>/* .& 6@&3 %/3 "#$%&'(&3 &µA*(21-(%*/ @&+40 .& 4644/(- 
"@*2./- &(C *+%0 "-+ "*#-+./01-+( -µ-/6%)%* &2(*/ 4644/(* .& @&+46 "@*2./-. D& 
%* %#/=$(/40 .:,µ*%* *(*>&/4(7-(%*/ %* *µ/(-5?* "-+ "/E*(C3 .+µµ&%?:-+( .%) 
.+(*#µ-=, %-+ µ&%*@@-4*%/6(%-3, µ& F0.) %) >-µ, %)3 TrCel61B 4*/ %)( "-@@*"@, 
.%-2:/.) *@@)@-+:2*3 (4$>/463 PDB 2VTC). H "-@@*"@, .%-2:/.) 
"#*=µ*%-"-/,E)4& µ& %* "#-=#0µµ*%* !-Coffee (Notredame, Higgins et al. 2000) 4*/ 
ESPRIPT (Gouet, Courcelle et al. 1999).  

 



! "#!

3.1.2 !"#$%&$' ()*+*&,#(-, )+."*/*#'$' $0 /+($µ121()*3- 4*50#- )(1 

µ06($%'µ(61$µ7- 0/120)61)8" )&6695." P. pastoris  

! "#$%"&µ'() (*+,%"*-$.$,/ 0%%)%*+120 "($3145)," 0#6 0#*µ*(7µ'(* 

&*($.$0,6 DNA -*+ S. thermophile ATCC 42464 18)3$µ*#*$9(-0: -)( -"1($,/ -): 

PCR 6#7: #"8$&8;<"-0$ 3-)( #08;&80<* 2.1.4.2. =$ ",,$()-': 31".$;3-),0( '-3$ 

93-" (0 0#*,%"$3-*4( *$ #89-": 57 >;3"$: -*+ &*($.2*+ #*+ 0(-$3-*$1*4( 3-0 

0µ$(*?'0 -): 3)µ0-*.*-$,/: 0%%)%*+120: ',,8$3): ,0$ (0 "$3015*4( *$ 0%%)%*+12": 

#'@): -7( #"8$*8$3-$,9( "(A4µ7( Cla I ,0$ Xba I 3-)( 081/ ,0$ -* -'%*: -*+ 

&*($.2*+, 0(-23-*$10. B-)( C$,6(0 3.2 #08*+3$;A"-0$ -* 0#*-'%"3µ0 -): 0(-$.803): 

PCR 6#7: 0+-6 *#-$,*#*$/5)," ,0$ "%'&15)," µ" )%",-8*<68)3) 3" #),-/ 

0&086A):. 

 

 

 

B-) 3+('1"$0 '&$(" 0#*µ6(73) -): "($31+µ'(): 0%%)%*+120: µ" 

)%",-8*<68)3) -*+ +#6%*$#*+ µ2&µ0-*: PCR (45 µl) 3" #),-/ 0&086A): 

0,*%*+5*4µ"() 0#6 ,0508$3µ6 µ" 18/3) -*+ 3,"+;3µ0-*: Nucleospin DNA Clean-

up (Macherey-Nagel). D* &*(2.$* "(37µ0-95)," 3-* <*8'0 pCR®-Blunt µ" 

0(-2.803) 3+('(73): ,0$ -* 0(03+(.+03µ'(* #%03µ2.$* ,%7(*#*$/5)," µ" 



!"#!

µ!"#$%&µ#"'$µ( )*""+,-. TOP10. /)01023&$! #40µ(.-$& "0* 41#$µ'560* µ! 

%,7$& "0* $)!*+$µ#"08 GeneJETTM Plasmid Miniprep kit (Fermentas) )#' #.+1*$& 

"&8 .0*)1!0"'5')78 #11&10*%6#8 "0* 9'# .# !:#),';-3!6 & !4'"*%78 )1-.0406&$& "0* 

!4'3*µ&"02 90.'560*. <"& $*.=%!'# =9'.! 4=>& "0* 41#$µ'560* pCR®-Blunt/Stcel61 

µ! Cla I )#'  Xba I, #40µ(.-$& "0* 90.'560* µ! "# )011?5& 41=0. +),# )#' 

!'$#9-97 "0* $"0 @0,=# pPICZ!C *4( "0. =1!9%0 "0* *40)'.&"7 AOX1 (A')(.# 

2.3). B )#'.02,'08 #.#$*.5*#$µ=.08 @0,=#8 %,&$'µ040'73&)! 9'# "0 

µ!"#$%&µ#"'$µ( )*""+,-. TOP10FC )#' #)01023&$! #40µ(.-$7 "0* )#' 

9,#µµ')0406&$& µ! Sac I. D0 9,#µµ')040'&µ=.0 41#$µ65'0 #40µ0.?3&)! #4( "0 

µ69µ# 4=>&8 %,&$'µ040'?."#8 "0 $)!2#$µ# Nucleospin DNA Clean-up kit 

(Macherey-Nagel) µ! µ(.& 5'#@0,+ "0 ("' "0 "!1!*"#60 $"+5'0 "&8 =)10*$&8 

4,#9µ#"040'73&)! µ! *4!,)+3#,0 #40$"!',-µ=.0 .!,( )#' (%' "0 5'+1*µ# =)10*$&8 

"0* $)!*+$µ#"08 4,0)!'µ=.0* .# #40@!*%3!6 & 4#,0*$6# #1+"-. $"0 5'+1*µ# "0* 

9,#µµ')040'&µ=.0* @0,=#. /)01023&$! µ!"#$%&µ#"'$µ(8 !4'5!)"')?. )*""+,-. P. 

pastoris µ! &1!)",05'+",&$& )#' !4?#$& $"0*8 30 0C 4,0)!'µ=.0* .# !4'1!%302. 0' 

#40')6!8 !)!6.!8 40* 4#,0*$6#E#. #."6$"#$& $"& E!0$6.&.  

 

3.1.3 !"#$%&' ($)*%+ &#, -.* /(01,2. (,# ",1,&3&' -.4 StCel61 

<*.01')+ #40µ0.?3&)#. 10 )1?.0' 9'# .# !1!9%3!6 & ')#.("&"+ "0*8 .# 

4#,+90*. "&. #.#$*.5*#$µ=.& 4,-"!F.& $! $"#3!,7 µ0,@7 )#' ')#.040'&"')7 

40$("&"#. /,%')+ µ!"#@=,3&)#. $! ",*;16# µ! 3,!4"')( µ=$0 GG $"0 04060 !6%! 

4,0$"!3!6  CMC %#µ&102 ':?50*8 )#' %,-µ#"6$"&)#. µ! 1% Congo Red. /4( "'8 

#40')6!8 40* 4#,0*$6#$#. #$3!.7 )*""#,'.01*"')7 5,+$& ($%&µ#"'$µ(8 µ'),?. 

)&165-. $! )())'.0 @(."0, A')(.# 3.3) !4'1=%3&)#. 5 9'# 4!,#'"=,- µ!1="& "&8 

=)@,#$&8 "&8 #.#$*.5*#$µ=.&8 GH61 µ! *9,7 )#11'=,9!'# µ'),78 )16µ#)#8 (50 ml 

BMGY 9'# "&. #.+4"*:& "&8 ;'0µ+E#8 )#' 50 ml BMMY 9'# "&. =)@,#$& "&8 

StCel61). D# 5!69µ#"# *4!,)!6µ!.0* "&8 )#11'=,9!'#8 BMMY 9'# )+3! )1?.0 

1#µ;+.0."#. )#3&µ!,'.+ )#' *40;+110."#. $! &1!)",0@(,&$& SDS-PAGE, 

40$0"')( 4,0$5'0,'$µ( $*9)=.",-$&8 4,-"!F.&8 µ! "& µ=3050 Lowry )#3?8 )#' 

=1!9%0 !.!,9("&"#8 %,&$'µ040'?."#8 -8 *4($",-µ# ;-910*)+.& 1 % (w/v). H 

$29),'$& 9'.("#. )+3! @0,+ µ! #."6$"0'%& )#11'=,9!'# µ& #.#$*.5*#$µ=.-. 

)*""+,-. I-33. D!1')+ !4'1=%3&)! 0 )1?.08 !)!6.08 40* 05&902$! $"& µ!9#12"!,& 



! "#!

!"#"$%$& "'"()'*)"(µ+',- !#%./0',- (!/#1!2) 50 mg/lt 3"445+#$/5"-) 3"5 

"'"3"445/#$&6,3/ !#23/5µ+'2) '" 7#,(5µ2!25,6/1 $5" ." !/#"5.+#% !/5#8µ"." 

7"#"3.,#5(µ29 .,- StCel61. 

 

3.1.4 !"#"$%$& '"( '")"#(*µ+, -., StCel61 

  : "'"()'*)"(µ+', StCel61 "!2µ2';6,3/ "!< 1 lt )$#&- 3"445+#$/5"- 

BMMY *58#3/5"- 6 ,µ/#;' 3".8 .5- 2!21/- $5'<."' 3"6,µ/#5'& !#2(6&3, 

µ/6"'<4,- (/ ./453& ()$3+'.#%(, 0.5% (v/v) 3"5 3"6"#1(.,3/ µ/ 7#%µ".2$#"=1" 

()$$+'/5"- "35',.2!25,µ+'2) µ/.8442). : 3"6"#<.,.8 .,- /3.5µ&6,3/ µ/ 

,4/3.#2=<#,(, SDS-PAGE 3"5 .2 5(2,4/3.#53< .,- (,µ/12 µ/ IEF (/ +'" /9#2- pH 

3 +%- 9. >2 3"6"#< +'?)µ2 !2) "'"3.&6,3/ ./4538 /17/ @A ~60 kDa 3"5 pI 5.6. : 

µ/$84, "!<345(, "'8µ/(" (.2 !/5#"µ".53< (60 kDa) 3"5 .2 6/%#,.538 

)!242$5(µ+'2 (33.2 kDa) @A */' µ!2#/1 '" "!2*26/1 (." /!5!4+2' "µ5'2B+" !2) 

!#2(.16/'."5 (.,' "'"()'*)"(µ+', !#%./0', 4<$% .,- 34%'2!21,(,- (.2 =2#+" 

pPICZ"C, 3"5 !52 ()$3/3#5µ+'" (.2 /!1.2!2 C-myc 3"5 ." 3".8425!" 5(.5*1',- !2) 

+72)' !#2(./6/1 (.2 3"#C2B)./453< 83#2 3"5 ." 2!21" "'.5(.25729' (/ µ1" "9B,(, 

.2) @A 3".8 2.5 kDa !/#1!2). : (,µ"'.53& ").& *5"=2#8 2=/14/."5 3".8 39#52 

4<$2 (.o ="5'<µ/'2 .,- )!/#$4)32?)41%(,- "!< .,' P. pastoris (Conde, Cueva et al. 

2004). D!%- ="1'/."5 (.2' E1'"3" 3.1, )!8#72)' µ1" 3"5 23 !56"'+- 6+(/5- !- 3"5 



!"#!

!-!"#$%&#"'()*+ ,-.').%/0, ).*- ,""*"%#0', .*+ StCel61, 1"2+ ).*- 324/%05 .%# 

323./6'%# )7-62)*+ (linker peptide) ,-8µ2), ).%- $,.,"#./$1 .%µ9, $,/ .%- .%µ9, 

341)62)*+ )2 3%"#),$0,4'.* (CBM1). :2.8 ,31 $,.24!,)', µ2 Endo H $,/ 

*"2$.4%;14*)* SDS-PAGE .%# 34%<1-.%+ .*+ ,-.'64,)*+ 62- 3,4,.*45=*$2 

)*µ,-./$5 ,"",!5 .%# :> (?/$1-, 3.4), !2!%-1+ 3%# $,.,62/$-72/ 1./ * 

3,4,.*4%7µ2-* 6/,;%48 %;2'"2.,/ )2 2$.2.,µ9-* !-!"#$%&#"'()* ).*- 324/%05 .%# 

323./6'%# )7-62)*+. @-.').%/02+ 3,4,.*45)2/+ 90%#- ,-,;24=2' !/, 3%""9+ 8""2+ 

!"#$%&/6/$9+ #64%"8)2+ )./+ %3%'2+ * 324/%05 µ2.,A7 $,.,"#./$%7 .%µ9, $,/ .%µ9, 

)7-62)*+ 3,4%#)/8&2/ µ2!8"* 6%µ/$5 2#$,µB', $,/ )#-5=(+ 2'-,/ 2$.2.,µ9-, !-

!"#$%&#"/(µ9-*, µ2 .% µ%.'C% 1µ(+ !"#$%&#"'()*+ -, µ2.,C8""2.,/ µ2 µ', 

3"*=D4, 3,4,!1-.(-, 13(+ 2'-,/ %/ )#-=5$2+ 9$;4,)*+ $,/ ,-83.#A*+ (Arakane, 

Zhu et al. 2003; Koseki, Mese et al. 2008; Beckham, Bomble et al. 2010). 

 

!"#$%& 3.4 SDS-PAGE (A, B) $,/ IEF (C) .*+ StCel61. A. 1/ 341.#3% 6/8"#µ, 
µ'!µ,.%+ 34(.2<-D- 0,µ*"D- :>, 2/ 2A($#..,4/$1 #!41 .*+ $,""/94!2/,+ 
,-,)#-6#,)µ9-*+ P. pastoris, 3/ 9A%6%+ ).5"*+ TALON $,/ 4/ $,=,45 StCel61 B. 1/ 
341.#3% 6/8"#µ, µ'!µ,.%+ 34(.2<-D- 0,µ*"D- :>, 2/ $,=,45 StCel61, 3/ StCel61 
µ2.8 ,31 $,.24!,)', µ2 Endo H, 4/ 2-6%!"#$%&/68)* Endo H (29 kDa). C. 1/ 
341.#3% 6/8"#µ, µ'!µ,.%+ 34(.2<-D- !-().D- pI 274%#+ 3.5-9.3, 2/ $,=,45 
StCel61. 

 

3.1.5 '"()*µ"#$+ )&,&#-*,".µ$+ -*+ StCel61 

E/, .*- ,-'0-2#)* .*+ 2-24!1.*.,+ .*+ StCel61 04*)/µ%3%/5=*$2 µ', µ2!8"* 

3%/$/"', 3%"#),$0,4/.D-. F3(+ ;,'-2.,/ ).%- G'-,$, 3.2, * StCel61 3,4%#)/8&2/ 

,)=2-5 #64%"#./$5 648)* )., CMC, C-!"%#$8-* $4/=,4/%7, "/02-8-*, 

,4,C/-%A#"8-* )'.%# $,/ A#"8-* %A/8+.  



! "#!

 

!"#$%$& 3.2 !"#$%&#"&$µ'( %")$*&+'*,*)( *,( StCel61 $- µ.) 
/#&+&0.) /#01$)+2)"&*34, “-”: µ, )4&24-5$&µ, %"6$,. 

'()*+,-µ$ .#$/-/0%1 1%,$ 
(µmol/min 2 g protein) 

CMC 27.3 ± 0.2 
HEC 3 ± 0.3 
HPMC - 
7-80#1+64, +"&9)"&#5 28 ± 1.6 
:&2-464, 27.6 ± 0.2 
:)µ&4)".4, - 
;1**)".4, Avicel - 
<")7&4#=1064, $.*#1 26.4 ± 4.8 
>1064, #=&6( 20.4 ± 1.2 
<")7&+' +'µµ& - 
?&*.4, - 

 

!)"6 *# 8-8#4'( '*& %-4 @*)4 84A$*@ , 7)$&+@ %"6$, *,( StCel61 3$*- 4) 

/"#$%&#"&$*-. +)& , +)*600,0, %#+&µ@ %")$*&+'*,*)( (assay),  8&) *#4 /"#$%&#"&$µ' 

*#1 7B0*&$*#1 pH +)& 9-"µ#+")$.)( %"6$,( 2",$&µ#/#&@9,+- , )$9-4@( 1%"#01*&+@ 

$1µ/-"&C#"6 /64A $*, 0&2-464,. !&# $18+-+"&µB4), 8&) *#4 /"#$%&#"&$µ' *,( 

7B0*&$*,( 9-"µ#+")$.)( %"6$,( 200 µl %&)05µ)*#( 0&2-464,( 0.5% (w/v) $- 

"19µ&$*&+' %&601µ) CA$C#"&+34 50 mM pH 7 )4)µ.29,+)4 µ- 50 µl %&)05µ)*#( 

StCel61 10 µ! $- 20 mM Tris HCl pH 8 +)& *# µ.8µ) -/A6$*,+- 8&) 5 h $*#1( 30, 

40, 50, 60, 70, 80 +)& 90 oC. <+#0#59,$- µB*",$, *A4 )4)8A8&+34 $)+26"A4 +)& 

/"#$%&#"&$µ'( *,( $2-*&+@( -4-"8'*,*)( $- +69- 9-"µ#+")$.) A( /#$#$*' -/. *,( 

µB8&$*,( µ-*"#5µ-4,( 1%"#01*&+@( %"6$,(. <4*.$*#&2), 8&) *,4 -5"-$, *#1 

7B0*&$*#1 pH , .%&) )4*.%")$, /")8µ)*#/#&@9,+- $*#1( 60 #C µ-*6 )/' 

%&)01*#/#.,$, *,( 0&2-464,( $- B4) µ-860# -5"#( pH. D/A( C).4-*)& $*# 

E&68")µµ) 3.1, , 7B0*&$*, 9-"µ#+")$.) -.4)& 65 oC +)& *# 7B0*&$*# pH %"6$,( -.4)& 

8. F& $2-*&+B( -4-"8'*,*-( µ-*6 )/' -/3)$, 5 A"34 $*#1( 40, 50, 60, 65 +)& 70 oC 

@*)4 )4*.$*#&2) 30, 53, 97, 100 +)& 22%. G- pH 4, 5, 6, 7, 8, 9, +)& 10 *) )4*.$*#&2) 

/#$#$*6 @*)4 54, 73, 81, 82, 100, 61 and 41%. 



!"#!

 

!"#$%&µµ& 3.1 !"#$%&' #(#)*+$,$- $,. StCel61 /# 0(- #1)2. 3#)µ2&)-/%4( (5) &-% 
pH (B). 

 6072., #70*"3,&# , %&-(+$,$- $,. StCel61 (- 8)2/90(#$-% /# &:$$-);(, 

Avicel &-% -9%<7:$, -)-=%(2>:7<(, /;$2:. ?8@. A-;(#$-% /$,( B%&+(- 3.5, , 

8)@$#C(, /# /:*&0($)@/, 0.3 mg/ml 8)2/903,&# /$,( &:$$-);(,, +"% +µ@. /$,( 

-)-=%(2>:7<(,. 

 



! "#!

3.1.6 !"#$%µ&'& ()*"$+#'#(µ,- µ" .)''&$#*%("/ 

!"#$%&µ'(#) (* %+%,*-,%. *( / StCel61 %(&-01%& ,/ 2"3-/ ,4( 5(4-,6( 

$),,*"&(*-6( $*,3 ,/( )2"78)-/ ,/9 :),&$;9 <&#µ3=*9 7>49 '0%& *(*:%"?%. 5&* 

388* µ'8/ ,/9 #&$#5'(%&*9 GH61 (Harris, Welner et al. 2010), >"*5µ*,#>#&;?/$*( 

>%&"3µ*,* -)(%"5&,&-µ#1 >3(4 -% µ.* -%&"3 )>#-,"4µ3,4(. H StCel61 

-)(2)3-,/$% %.,% µ% ,# %µ>#"&$7 $),,*"&(#8),&$7 -$%1*-µ* Celluclast >#) 

>"#'"0%,*& *>7 ,# µ1$/,* !. reesei, %.,% µ% µ.5µ* $*?*"6( $),,*"&(*-6(. @ 

2%1,%"/ -%&"3 >%&"*µ3,4( >"*5µ*,#>#&;?/$% µ% -$#>7 (* *>#µ#(4?%. / 2"3-/ ,/9 

StCel61 *>7 ,&9 )>78#&>%9 GH61 >#) )>3"0#)( -,# Celluclast (Martinez, Berka et al. 

2008). A* '(=)µ* 2&*8),#>#&;?/$*( -% ")?µ&-,&$7 2&38)µ* $&,"&$6(/:4-:#"&$6( 

100 mM pH 5 >*"#)-.* 1mM MnCl2 $*& 0.02% (w/v) NaN3. B& *(,&2"3-%&9 

>"*5µ*,#>#&;?/$*( -,#)9 40 oC 5&* 120 h (5 /µ'"%9). A* )>#-,"6µ*,* >#) 

0"/-&µ#>#&;?/$*( ;,*( $*?*"'9 $),,*".(%9: / µ&$"#$")-,*88&$; $),,*".(/ Avicel 

$*& / >%"&--7,%"# 3µ#":/ $),,*".(/ >#) %.0% )>#-,%. %>%+%"5*-.* µ% &#(,&$3 )5"3, 

ILTC (Wang, Yang et al. 2011). C"/-&µ#>#&;?/$*( %>.-/9 ,* -1(?%,* 

8&5(&(#$),,*"&(#10* )>#-,"6µ*,*: )2"#?%"µ&$3 $*,%"5*-µ'(# 30)"# -.,#), PWS, 

'8*,# >"#$*,%"5*-µ'(# µ% *,µ7 )>7 ;>&%9 7+&(%9 -)(?;$%9, PS $*& 21# 

>"#D2"#8)µ'(#& *8$*8&$#. >#8,#. *>7 *55%&7->%"µ*-*%&?*8; 2'(,"*  (60% '8*,# 

$*& 40% >%1$#), PP1 $*& PP2. A* >%&"3µ*,* >#) >"*5µ*,#>#&;?/$*( 

>*"#)-&3=#(,*& -)5$%(,"4,&$3 -,#( !.(*$* 3.3.  

E%4"6(,*9 ,* µ%,"#1µ%(* *(*545&$3 -3$0*"* 49 *(38#5* 58)$7=/9 $*& µ% 

<3-/ ,/ -1-,*-/ ,4( )>#-,"4µ3,4( >"#-2&#".-,/$% / % µ%,*,"#>; ,/9 

$),,*".(/9 5&* ,* 2&3:#"* %(=)µ&$3 µ.5µ*,*. F,* G&*5"3µµ*,* 3.2 $*& 3.3 

>*"#)-&3=#(,*& ,* *>#,%8'-µ*,* *>7 ,/ µ',"/-/ ,4( *(*545&$6( -*$03"4( -,* 

µ.5µ*,* ,4( *(,&2"3-%4( )2"78)-/9. 

 @ >"#-?;$/ StCel61 -,# Celluclast #2;5/-% -% *1+/-/ -,# >#-#-,7 

µ%,*,"#>;9 ,7-# -,/( >%".>,4-/ ,#) PWS 7-# $*& ,#) PS, µ% ,# >#-7 ,/9 

>"#-,&?'µ%(/9 GH61 (* %.(*& 3µ%-* -)(2%2%µ'(# µ% ,#( >*"*,/"#1µ%(# 

-)(%"5&,&-µ7 (G&35"*µµ* 3.2). @ %(&-0),&$; 2"3-/ ;,*( >%"&--7,%"# '(,#(/ -% 

0*µ/83 >#-#-,3 )2"78)-/9, 7>49 :*.(%,*& -,/( >%".>,4-/ ,#) PS. !&# 

-)5$%$"&µ'(*, 7,*( 5&(7,*( >"#-?;$/ 3 mg StCel61/g )>#-,"6µ*,#9 -,/ -,*?%"3 

0"/-&µ#>#&#1µ%(/ >#-7,/,* Celluclast, >#-7 >#) *(*8#5%. -% 20% ,#) -)(#8&$#1 



!"#!

!"#$µ%&'( )'*+,'$, ' -./µ01 $2*03$451 +'$ PWS .$6."0+." &.+7 15% !"8 +'$ PS 

&.+7 32%. 

 

9+." 5 :'40+5+. +51 StCel61 .$6."0+." 4+. 6 mg/g $:'4+*8µ.+'1, +. ."+,4+'%;. 

:'4'4+7 <+." 20% &.% 42%. =:,451, >". µ,?µ. .:'+!3'(µ!"' .:0 11 mg/g 

Celluclast &.%  10.5 mg/g StCel61, 4$?&*%"0µ!"' µ! :'40+5+. Celluclast ,4'$ 4;!20" 

4$"'3%&'( !"#$µ%&'( )'*+,'$ (22 mg/g $:'4+*8µ.+'1) '25?'(4! 4! $2*03$45 +'$ 

PS .$65µ>"5 &.+7 7%.  

 @ !"%4;$+%&< 2*745 +51 StCel61 :.*.+5*</5&! !:,451 4+5" :!*,:+A45 +'$ 

µ,?µ.+'1 &./.*8" &$++.*%".48" (B%7?*.µµ. 3.3). C.+7 +5" :*'4/<&5 3 mg 

StCel61/g $:'4+*8µ.+'1 4+' µ,?µ. &$++.*%".48", :'40 :'$ .".3'?!, 4! 15% +'$ 

4$"'3%&'( !"#$µ%&'( )'*+,'$, ' -./µ01 $2*03$451 +'$ PWS &.% +'$ PS .$6</5&! 

&.+7 8%. 9+." 5 :*'4+%/>µ!"5 StCel61 <+." 10.5 mg/g $:'4+*8µ.+'1, .:'+!38"+.1 

+' 40% +'$ 4$"'3%&'( !"#$µ%&'( )'*+,'$, ' -./µ01 $2*03$451 +'$ PWS .$6</5&! 

&.+7 15% !"8 +'$ PS &.+7 42%. D' µ,?µ. 16.5 mg &./.*8" &$++.*%".48" &.% 10.5 

mg StCel61 !,;! 4;!20" +' ,2%' $2*'3$+%&0 .:'+!3>4µ. µ! 33 mg &$++.*%".48"  >+4% 

!"#$%$& 3.3 @ 4(4+.45 +A" !"#$µ%&8" µ%?µ7+A" &.% +. $:'4+*8µ.+. :'$ 
;*54%µ':'%</5&." &.+7 +. :!%*7µ.+. 4$"!*?%+%4µ'( 

'()*+,-µ$+$ E%?"%"'&$++.*%"'(;.: PWS, PS, PP1, PP2 

C./.*>1 &$++.*,"!1: Avicel, ILTC 

.#/0µ1%2 
3"4µ$+$* 

Celluclast (11 mg/g $:'4+*.) 

 StCel61 (3, 6 &.% 10.5 mg/g $:'4+*.) + Celluclast (11 mg/g 
$:'4+*.) 

Celluclast (22 mg/g $:'4+*.) 

C$++.*%"74!1 (2.5 mg EGII + 14 mg CBHI/g $:'4+*.) 

StCel61 (3 &.% 10.5 mg/g $:'4+*.) + C$++.*%"74!1 (2.5 mg 
EGII + 14 mg CBH I/g $:'4+*.) 

C$++.*%"74!1 (5 mg EGII + 28 mg CBH I/g $:'4+*.) 

* F! 03. +. !"#$µ%&7 µ,?µ.+. ?%"0+." :*'4/<&5 --?3$&'#%27451 4! :'4'4+0 ~3% 
(w/w)  !:, +'$ 4$"'3%&'( :*A+!G"%&'( )'*+,'$. 



! "#!

!"#$ #% &'&(#%)µ$*% $*+,µ(-. /%0#1% *& µ$(!*$#&( -&#2 20%. 3$4%µ5*%, .#( 6 

StCel61 7#&* 100% &*$*$087 '2*9 "#& :06"(µ%'%(%)µ$*& ,'%"#0!µ&#&, 6 

'&0&#60%)µ$*6 ",*$08("#(-7 402"6 4$* µ'%0%)"$ *& $1*&( #% &'%#5;$"µ& µ1&< 

"6µ&*#(-7< $*4%- 7 $=9-1,4- -,##&0(*%;,#(-7< 402"6<. 

 

 

!"#$%&µµ& 3.2 >'140&"6 #6< StCel61 "#6* ,40.;,"6 #%, PWS (A) -&( PS (B) &'. 
#% Celluclast. ?& &'%#$;5"µ&#& '%, '&0%,"(2+%*#&( &*#("#%(:%)* "#& 4$18µ&#& '%, 
;7/@6-&* "#(< 100 h &*#140&"6<. A 02B4%< ( ) &*#("#%(:$1 "$ 11 mg Celluclast /g 
,'%"#0!µ&#%<. ?% '%". &,#. #%, Celluclast $µ';%,#("µ5*% µ$ 3, 6 -&( 10.5 mg 
StCel61 &*#("#%(:$1 "#(< 02B4%,< ( ), ( ) -&( ( ). C#6 02B4% ( ), #% 
'%". #%, Celluclast 4(';&"(2"#6-$ (22 mg/g ,'%"#0!µ&#%<).  

 

 

!"#$%&µµ& 3.3 >'140&"6 #6< StCel61 "#6* ,40.;,"6 #%, PWS (A) -&( PS (B) &'. 
µ18µ& -&@&0!* -,##&0(*&"!*. ?& &'%#$;5"µ&#& '%, '&0%,"(2+%*#&( &*#("#%(:%)* 
"#& 4$18µ&#& '%, $;7/@6"&* "#(< 24 h &*#140&"6<. A 02B4%< ( ) &*#("#%(:$1 "$ 
2.5 mg EGII + 14 mg CBH I/g ,'%"#0. ?% µ18µ& &,#. $µ';%,#("µ5*% µ$ 3 -&( 10.5 
mg StCel61 &*#("#%(:$1 "#(< 02B4%,< ( ) -&( ( ). C#6 02B4% ( ), #% '%". 
#9* -&@&0!* -,##&0(*&"!* 4(';&"(2"#6-$ (5 mg EGII + 28 mg CBHI/g ,'%"#0.). 



!""!

 !"#$ %&'(%")*# ")$ +,-,'.$ +/"",'0$.$, # %'1*-2+# StCel61 3&$ &(4& 

+,µ(, &%(3',*# *"1 */$150+6 7,-µ6 µ&","'1%28, ,$&9:'"#", ,%6 "1 7,-µ6 

+'/*",550+6"#",8 (;0:<',µµ, 3.4). =1 %1*1*"6 /3'65/*#8 2",$ %15> /?#56"&'1 

*"#$ %&'(%")*# "#8 ILTC ,%6 "#$ +/"",'($# Avicel (94% +,0 42.2% ,$"(*"104,, 

*"#$ %&'(%")*# &%&9&'<,*(,8 µ& Celluclast). @ A55&0?# */$&'<0"0*µ1> *& +,-,'A8 

+/"",'($&8 A4&0 ,$,B&'-&( +,0 *& :55# µ&5A"# ((Harris, Welner et al. 2010) 4)'(8 

)*"6*1 $, A4&0 &9#<#-&( # ,0"(, "#8. 

 

!"#$%&µµ& 3.4 C%(3',*# "#8 StCel61 *"#$ /3'65/*# "#8 +/"",'($#8 Avicel (D) +,0 
ILTC (E). A. /3'65/*# µ& Celluclast µ6$1 (11 mg/g /%1*"'.µ,"18, %52'# 
*>µ715,) 2 µ& %'1*-2+# StCel61 (6 mg/g /%1*"'.µ,"18, *>µ715, µ& %&'(<',µµ, 
µ1$:4,), +,0 B. /3'65/*# µ& µ(<µ, +,-,'.$ +/"",'0$,*.$ µ6$1 (CBHI: 14 mg, 
EGII: 2.5 mg/g /%1*"'.µ,"18, %52'# *>µ715,) 2 +,0 µ& %'1*-2+# StCel61 (10.5 
mg/g /%1*"'.µ,"18, *>µ715, µ& %&'(<',µµ, µ1$:4,). !
 

3.1.7 '("%#µ&)& *+,(%$")"*µ-. µ( /(%µ01"2& 3,4+µ& 

! ;&31µA$1/ 6"0 # 7A5"0*"# -&'µ1+',*(, 3':*#8 "#8 StCel61 2",$ 65 1C, 

&9&":*"#+& ,$ # %,',"#'1>µ&$# */$&'<0*"0+2 3':*# &($,0 %01 A$"1$# *& /?#56"&'&8 

-&'µ1+',*(&8 (55 1C) 4'#*0µ1%10.$",8 µ(<µ, -&'µ6B05)$ &$F>µ)$ +,": "#$ 

/3'65/*# "1/ PWS. G01 */<+&+'0µA$,, */<+'(-#+,$ ", %1*1*": µ&","'1%28 +,": 

"#$ &B,'µ1<2 6 mg µ(<µ,"18 -&'µ6B05)$/g PWS, 6 mg µ(<µ,"18 + 3 mg StCel61/g 

PWS +,0 9 mg µ(<µ,"18 -&'µ6B05)$/g PWS. !"1 ;0:<',µµ, 3.5 %,'1/*0:F1$",0 ", 

*4&"0+: ,%1"&5A*µ,",. H%)8 +,0 *"#$ %&'(%")*# ")$ µ&*6B05)$ &$F>µ)$, # 

%'1*-2+# "#8 StCel61 %'1+:5&*& ,>9#*# "1/ */$150+1> 7,-µ1> µ&","'1%28. G01 



! "#!

!"#$%&'µ()*, + ,&-!./$+ ,&-!./$+ 3 mg StCel61/g ",-!0&1µ*0-2, ,-!3 ,-" 

*)0'!0-'4%5 !% 37.5% 0-" !")-6'$-7 %)8"µ'$-7 9-&05-", !% 6 mg µ5#µ*0-2 

.%&µ39'6:) %)87µ:) -;/#+!% !% %)5!4"!+ 0-" <*.µ-7 ";&36"!+2 $*0= 20%, 

,&-$*61)0*2 0- 5;'- !4%;3) *,-0(6%!µ* µ% 9 mg µ5#µ*0-2 %)87µ:). >- *)05!0-'4- 

,-!-!03 $*0= 0* ,%'&=µ*0* ,-" ,&*#µ*0-,-'/.+$*) µ% 0* µ%!39'6* ()8"µ* !0-"2 

40 -C (,&-!./$+ StCel61 !% ,-!-!03 40% %,5 0o" !")-6'$-7 9-&05-") /0*) 15%. 

>* *,-0%6(!µ*0* <%<*5:2 *"0= ;%) %5)*' =µ%!* !"#$&5!'µ* ;%;-µ()-" 30' 

4&+!'µ-,-'/.+$*) ;'*9-&%0'$= ()8"µ*, *)*6-#5%2 $*' 4&3)-' *)05;&*!+2. 

?,-0%6-7) :!03!- µ5* *&4'$/ ();%'@+ #'* 0+ ;")*030+0* ,'- *,-0%6%!µ*0'$/2 

*@'-,-5+!+2 0+2 %)'!4"0'$/2 ;&=!+2 0:) GH61 µ% 0+ 4&/!+ $*0=66+6:) %)87µ:) 

$*' .%&µ-$&*!'1). 

 

!"#$%&µµ& 3.5 A,5;&*!+ 0+2 StCel61 !0+) ";&36"!+ 0-" PWS *,3 µ5#µ* 
.%&µ39'6:) %)87µ:). >- !7µ<-6- (!) *)0'!0-'4%5 !% 6 mg µ5#µ*0-2 .%&µ39'6:)/g 
PWS, 0- !7µ<-6- (") !% 6 mg µ5#µ*0-2 .%&µ39'6:) + 3 mg StCel61/g PWS $*' 0- 
!7µ<-6- (!) !% 9 mg µ5#µ*0-2 .%&µ39'6:)/g PWS. 

 

3.1.8 '()*%&+, -.+"/0 µ1 &02"-31"*42"56 *%#+, +2, 71"2-.%$)& 2,8  

StCel61 

B' ";&-67!%'2 ,-" ,&*#µ*0-,-'/.+$*) 4&+!'µ-,-'1)0*2 µ5* ,-'$'65* 

6'#)')-$"00*&')-74:) ",-!0&:µ=0:) %,(0&%C*) 0+ ;'%&%7)+!+ 0-" !"!4%0'!µ-7 

*)=µ%!* !0+ !7!0*!+ 0-" ",-!0&1µ*0-2 $*' 0+ !")%&#'!0'$/ ;&=!+ 0+2 StCel61. 

D&=#µ*0', µ%0= *,3 !7#$&'!+ 0:) %,'µ(&-"2 ,%'&*µ*0'$1) *,-0%6%!µ=0:), 

;'*,'!01.+$% 30' 3!- µ%#*670%&+ /0*) + ,%&'%$0'$30+0* !% 6'#)5)+ 03!- ,'- 



!"#!

!"µ#$%&'( (%#$ " )*+,-#!" %". GH61 !%/ 0#1µ2 µ)%#%-/*(. %". 0&/µ34#. 

(5&36-#µµ# 3.6). 7 *#-#%(-"!" #8%(, !) !8$,8#!µ2 µ) %&. *-2!9#%# 

,"µ/!&)8µ:$). µ);:%). */8 #$#,)&'$</8$ %" !=:!" µ)%#>< %". ,-3!". %?$ GH61 '#& 

/8!&@$ µ) #$#6?6&'2 =#-#'%(-# (Quinlan, Sweeney et al. 2011; Westereng, Ishida et 

al. 2011), ,&)-)8$(1"') *)-#&%:-? µ) %" µ:%-"!" %". #$%&/>)&,?%&'(. &!=</. %?$ 

)*&µ:-/8. 8*/!%-?µ3%?$. 

 A *-/!,&/-&!µ2. %". #$%&/>)&,?%&'(. &'#$2%"%#. %?$ ;&6$&$/'8%%#-&$/<=?$ 

8;&'@$ 6)$&'3 *-#6µ#%/*/&)+%#& !) )'=8;+!µ#%3 %/8. '#& '#%3 !8$:*)&# " 

,&#,&'#!+# )'=<;&!". )*"-)34)& %"$ #$%+!%/&=" '31) 9/-3 µ:%-"!". B*2 %"$ 3;;" 

µ)-&3, " 8,-2;8!" %?$ 8;&'@$ #8%@$ #*2 '8%%#-&$3!). #*/%);)+ %8*&'2 *#-3,)&6µ# 

)%)-/6)$/<. '#%3;8!". */8 *-#6µ#%/*/&)+%#& #$3µ)!# !%" ,&#;8%( 93!" 2*/8 

0-+!'/$%#& %# :$48µ# '#& !%/ #,&3;8%/ 8*2!%-?µ#, :%!& @!%) $# *#-/8!&34)& )*+!". 

)$,&#9:-/$ " #*)81)+#. µ:%-"!" %". #$%&/>)&,?%&'(. &!=</. %/8 !%)-)/<. C&# %/ 

;26/ #8%2 *-/!,&/-+!%"') " &'#$2%"%# ,:!µ)8!". );)<1)-?$ -&4@$ µ) %" µ:1/,/ 

%/8 DPPHD %2!/ 6&# %# #,&3;8%# ;&6$&$/'8%%#-&$/<=# 8*/!%-@µ#%# 2!/ '#& 6&# %# 

µ)1#$/;&'3 )'=8;+!µ#%# #8%@$ (5&36-#µµ# 3.6).  

 

 

!"#$%&µµ& 3.6 B. % )$+!=8!" 8,-2;8!". '#%3 %"$ *-/!1('" 9 mg StCel61 !) 11 
mg Celluclast/g 8*/!%-@µ#%/. (!<µ0/;/ E, 6-#µµ( *#;&$,-2µ"!". F·F) '#& 16.5 mg 
StCel61 !) µ+6µ# '8%%#-&$#!@$ (CBHI: 14 mg, EGII: 2.5 mg/g 8*/!%-@µ#%/.) 
(!<µ0/;/ G, 6-#µµ( *#;&$,-2µ"!". F··F). H. B$%&/>)&,?%&'( &'#$2%"%# %/8 
)'=8;+!µ#%/. µ)1#$2;". (I) '#& %/8 #,&3;8%/8 8*/!%-@µ#%/. (J), 2*?. 
*-/!,&/-+!%"'#$ µ) %" µ:1/,/ %/8 DPPH. K# 8*/!%-@µ#%# */8 =-"!&µ/*/&(1"'#$ 
µ) #<>/8!# !86':$%-?!" ;&6$+$". (%#$ %# #'2;/81# (3>/$#. L): PP2, PP1, PWS 
'#& PS. 



! "#!

!"#$ %&'() ('(µ%'*µ%'+, *,+ -./0*1%2/ 31(' / "%2)%41)4*1/1( ,% 0)5'&'/ 

1#' %")µ62+-$ -"+,12#µ71#', 1*,+ µ%5(081%2/ 31(' / ('1)+9%):#1)43 1+-$ ),;8$. < 

:)("&,1#,/ (-13, ,% ,-':-(,µ* µ% 1/ ,8':%,/ ('7µ%,( ,1/ ,-'%25),1)43 :27,/ 

4() 1/ ,8,1(,/ 1#' 0)5')'+4-11(2)'+8;#', %")=%=(&#,% 1/' -"*>%,/ ,;%1)47 µ% 1/' 

%'&,;-,/ 1/$ :27,/$ 1#' GH61 ("* +-,&%$ "+- :2+-' #$ :*1%$ /0%412+'&#' 4() 

%")"06+' "2+,:)*2),% 1/' "/53 1+-$ ,1/ 0)5'&'/ 4() 1)$ ?()'+0)46$ 1/$ %'@,%)$ 4(17 

1/' -:2*0-,/ 1#' 0)5')'+4-11(2)'+8;#' -"+,12#µ71#'. 

A2+4%)µ6'+- '( %9%1(,1%& "%2()162# + +9%):#1)4*$ ;(2(4132($ 1/$ StCel61, 

"2(5µ(1+"+)3>/4(' ,1/ ,-'6;%)( µ&( ,%)27 "%)2(µ71#' ,-'%25)1),µ+8 "7'# ,% 

4(>(26$ 4-11(2&'%$ (Avicel) 3 0)5')'+4-11(2)'+8;( ;(µ/03$ ,-546'12#,/$ 0)5'&'/$ 

(PP2) µ% "2+,>34/ %9#1%2)4@' :+1@' /0%412+'&#' *"#$ 31(' 1( ('(5#5)47 TCEP 

4() (,4+2=)4* +98 3 1+ %4;80),µ( µ%>('*0/$ 1+- PS, 1+- -"+,12@µ(1+$ :/0(:3 µ% 

1/' -./0*1%2/ ('1)+9%):#1)43 :27,/. B#2&$ 1/' "2+,>34/ 1#' ('(5#5)4@' :%' 

"(2(1/23>/4% 4('6'( ,-'%25),1)4* ("+160%,µ(, *"#$ %&;% :)("),1#>%& 4() 

"2+/5+-µ6'#$ (C)752(µµ( 3.4). D'1&>%1(, / "2+,>34/ TCEP 4() %4;-0&,µ(1+$ ,1+ 

µ&5µ( 1/$ ('1&:2(,/$ +:35/,% ,% (-9/µ6'/ µ%1(12+"3 "(2+-,&( StCel61, ;#2&$ 

#,1*,+ 1( ("+1%06,µ(1( '( %&'() %"('(03.)µ( 5%5+'*$ "+- >( µ"+2+8,% '( 

("+:+>%& ,1/' (-1++9%&:#,/ 1#' ('(5#5)4@' +-,)@' *"#$ ('(?62%1() 4() ,% 700%$ 

µ%061%$ (Quinlan, Sweeney et al. 2011).  

 

3.1.9 !"#$%& "'()*+,&- ).,/"010 µ"%+##.210 .30%40 ,%& )*+,%.23%&%+  

%&- StCel61 

E1+ C)752(µµ( 3.7 "(2+-,)7F+'1() 1( ("+1%06,µ(1( "+- "2+64-.(' 4(17 1/ 

µ%061/ 1/$ %"&:2(,/$ :)(?+2%1)4@' :),>%'@' µ%1(00)4@' )*'1#' ,1/ :27,/ 1/$ 

StCel61. G(1(2;7$ %&'() ,/µ('1)4* '( ,/µ%)#>%& "#$ / ('1&:2(,/ "+- 

;2/,)µ+"+)3>/4% 5)( 1/ ,-54%42)µ6'/ µ%061/ (-:2*0-,/ 0);%'7'/$) ("+1%0%& 

"(27"0%-2/ 0%)1+-25&( 1/$ StCel61 4() *;) 1+ =(,)4* 1/$ 2*0+, 5%5+'*$ "+- 

-"+:%)4'8%) 1/ ,;%1)4*1/1( 1#' "(2(1/23,%#' 4() ,-µ"%2(,µ71#' "+- %&'() 

:-'(1* '( %9(;>+8'. A(2(1/2%&1() *1) / 4(1%25(,&( µ% 10 mM EDTA :%' 6;%) 

,/µ('1)43 %"&:2(,/ ,1/ :2(,1)4*1/1( 1/$ StCel61 (:%&5µ( C1), "(27 1+ 5%5+'*$ *1) 

/ "(2+-,&( µ%1700+- >%#2%&1() ("(2(&1/1/ 5)( 1/ 0%)1+-25&( 1#' GH61 (Harris, 

Welner et al. 2010). < "(2(132/,/ (-13 62;%1() #,1*,+ ,% ,-µ?#'&( µ% 1/' 



!"#!

!"#"$%#&'& $() (Quinlan, Sweeney et al. 2011) '*µ+()" µ, $-./ -!-0-./ & 

'.)1+,2" $-. 23)$-/ 4"56-* µ, $" µ75& $&/ -26-87),2"/ 61 ,0)"2 $3'- 2'4.#% !-. & 

6"$,#8"'0" µ, EDTA )" µ&) -9&8,0 "!"#"0$&$" '$&) "!-µ16#.)'& $-. 23)$-/. :!3 

$&) 155& µ,#21, 3!(/ ")"+7#-.) -2 (Carrer, Stolz et al. 2006) ,0)"2 9.)"$3 6"$1 $& 

921#6,2" $&/ 92"!09.'&/ µ,$1 $&) ,!;"'& µ, EDT: )" 80),$"2 ,!")"!#3'5&<& 

µ,$155-. "!3 $- #.=µ2'$263 9215.µ" $&/ 92"!09.'&/. > µ,8"5*$,#& 9#"'$263$&$" 

!"#"$&#,0$"2 '$" 9,08µ"$" 3!-. $3'- $- 7)?.µ- 3'- 6"2 $- .!3'$#(µ" 9,) 74-.) 

.!-'$,0 6"$,#8"'0" µ, EDTA ,); µ,$"@* $() ,!2µ7#-./ "51$() 9, !"#"$&#-*)$"2 

'&µ")$267/ 92"+-#-!-2%',2/, µ, µ3)" 0'(/ $" 15"$" µ"88")0-. 6"2 6-A"5$0-. )" 

!"#-.'21?-.) 508- !,#2''3$,#& ,)2'4.$26% 9#1'& 7)")$2 $() .!-5-0!() !-. 

,@,$1'$&6"). 

 

!"#$%&µµ& 3.7 B,57$& $&/ ,!09#"'&/ $() 92'=,);) µ,$155() '$& 9#"'$263$&$" 
$&/ StCel61. C, 35,/ $2/ .9#-5*',2/ 4#&'2µ-!-2%=&6, .!3'$#(µ" 6"2 7)?.µ- !-. 
,04") ,!("'$,0 µ, EDTA ,6$3/ ") ")"+7#,$"2 $- ")$0=,$-. C1: 6")7)" ,!2!57-) 
µ7$"55-, C2: StCel61 !-. 9,) 74,2 .!-'$,0 6"$,#8"'0" µ, EDTA, C3: StCel61 6"2 
.!3'$#(µ" !-. 9,) 74,2 .!-'$,0 6"$,#8"'0" µ, EDTA. D2 .!35-2!,/ #1A9-2 
")$2'$-24-*) ', !#-'=%6& 5 mM "!3 $- ")$0'$-24- 15"/ '$- µ08µ" $&/ ")$09#"'&/. 

 



! "#!

3.1.10 !"#$%&''()"&*+,-. µ/'-%/. %0. StCel61 

3.1.10.1 !'12(3(40$0 ,&+ -,*"&$0 %(# ,&%&'#%+,(5 %(µ-& %0. StCel61 

(StCel61 truncated) 

!"#$%&µ'(#) (* *)+,-#.( #& /&-*(01,1%2 %/&1)3#.2 $")4156674,2 

%/&3%&"8-,$% (* $67(#/#&,-%9 $*& (* %$:"*41%9 1# 1µ8µ* %$%9(# 1,2 /"71%;(,2 /#) 

*(1&41#&3%9 41#( 1#µ'* µ% #µ#6#<9* 41,( #&$#<'(%&* 61, *:*&"=(1*2 >,6*>8 */0 1,( 

*"3&$8 *66,6#)39* 1* *µ&(#+'* /#) *(1&41#&3#.( 41# <6)$#?)6&7µ'(# /%/19>&# 

4.(>%4,2 $*& 1#( 1#µ'* /"04>%4,2 4% /#6)4*$3*"91%2 (CBM1) (@&$0(* 3.6).  

 

6+,72& 3.6 A* %/&µ'"#)2 1µ8µ*1* 1,2 *66,6#)39*2 1,2 StCel61 /"&( (B) $*& µ%15 
(C) 1,( *:*9"%4, 17( *µ&(#+'7( /#) *(1&41#&3#.( 41# /%/19>&# 4.(>%4,2 $*& 1#( 
1#µ'* CBM1 (*µ&(#+'* 229-324).  

 

D&* 1# 4$#/0 *)10 43%>&541,$% # $*1566,6#2 *(1941"#:#2 %$$&(,182 (# 

%)-.2 %$$&(,182 81*( # 9>&#2 µ% *)10( /#) %93% 3",4&µ#/#&,-%9 <&* 1#( 

/#66*/6*4&*4µ0 1#) <#(&>9#) StCel61, !9(*$*2 2.3) $*& , PCR /"*<µ*1#/#&8-,$% 

41# *(*4)(>)*4µ'(# /6*4µ9>&# pPICZ!C/Stcel61 41&2 4)(-8$%2 /#) 

/*"#)4&5?#(1*& 41#( !9(*$* 2.2E (@&$0(* 3.7).  

 

 

 



!"#!

 

 

!"#$ %&' #() "&*#+,- &(..%&.%/*%/µ' 0%* %&(µ')1/2 #23 "&*4+µ2#-3 

%..2.(+,5%3 DNA, 2 6*%6*0%/5% &(+ %0(.(+4-420" 7*% #2) &%8%717- #23 

0%*)(98*%3 &81#":)23 -#%) 2 56*% µ" %+#- &(+ %0(.(+4-420" 7*% #2) StCel61. ; 

<0=8%/2 0%* %&(µ')1/2 #23 &81#":)23 6") 0%#</#2 6+)%#- %&' #% 

µ"#%/,2µ%#*/µ<)% 09##%8% P. pastoris &%8$ #( 7"7()'3 '#* 6(0*µ$/#20%) &(..<3 

µ"#%/,2µ%#*/µ<)"3 %&(*05"3 P. pastoris 0%* "&%)%.-=420" 2 6*%6*0%/5% #23 

2."0#8(6*$#82/23 7*% #2) &%8%717- 0%*)(98*1) /#".",>). ?*% #( .'7( %+#' 

"&*,"*8-420" 2 08+/#$..1/2 (.'0.2823 #23 StCel61. 

 

3.1.10.2 !"#$µ%& #'()*+,,-).& StCel61 

@* 08+/#%..(78%=*0<3 µ".<#"3 #23 StCel61 &8%7µ%#(&(*-420%) /#( 

"87%/#-8*( #23 Dr. Leila Lo Leggio /#( Aµ-µ% B2µ"5%3 #(+ C%)"&*/#2µ5(+ #23 

D(&"7,$723 /#% &.%5/*% µ5%3 "&5/0"E23 /9)#(µ23 6*$80"*%3 ,82µ%#(6(#(9µ")23 

%&' #( EMBO (European Molecular Biology Organization).  

?*% #() &8(/6*(8*/µ' %8,*0>) /+)420>) 08+/#$..1/23 &8%7µ%#(&(*-420" 

/" &8>#2 =$/2 /$81/2 &.-4(+3 /+)420>) µ" ,8-/2 8(µ&'#. C%8$ #( µ"7$.( 

%8*4µ' 6*%.+µ$#1) &(+ 6(0*µ$/#20%), 6") <7*)" 6+)%#- 2 %)$&#+F2 08+/#$..1) - 

%0'µ% 0%* *G-µ%#(3 08+/#%..*0-3 =9/23. A".*0$ "&*.<,420" 7*% &"8%*#<81 



! "#!

!"!#!$%&'(& ) '*+,-.) F2 &"/ 01 '.!2&'µ& JCSG+ (3.15 M ,!33./ &µµ4+31, 0.1 ! 

.30$3./ 0$3+50$31 pH 5) ) 1"1(& '! '*+6*&'µ/ 1:1 - 2:1 µ! 0)+ StCel61 (40 mg/ml) 

763+! 01 &"1078!'µ& "1* "&$1*'359!0&3 '0)+ :3./+& 3.8;. <0& "8&('3& 0)= 

"$1'"5,!3&= >!80(?')= 01* &"10!87'µ&01= &*012, 61.3µ5'0).! &88&%- 01* pH, 0)= 

'*%.7+0$?')= 0)= "$?0!@+)= .&3 01* ,!33.12 &µµ?+(1*, ) 0!A+3.- 0)= '"1$5= .&3 ) 

A$-') "13.38(&= "$1'µ(#!?+ ('.!2&'µ& Additive Screen HT - Hampton Research). 

:"(')=, 6!61µ7+)= 0)= ')µ&'(&= 0?+ 3/+0?+ 63',!+4+ µ!0588?+ '03= -6) %+?'07= 

61µ7= GH61, '*µ"!$38-B,).&+ 0& &./81*,& 58&0& '01 6358*µ& .$*'0588?')= '! 

'*%.7+0$?') 15 mM: Zn(O2CCH3)2, MgCl2, CoCl2, CaCl2, CuCl2, NiSO4, BaBr2, 

SrCl2, Pb(O2CCH3)2 and FeCl2. 

C1 &$A3./ &"1078!'µ& 0!83.5 >!8034,).! ')µ&+03.5 µ! 0)+ "$1',-.) 200 

mM 3-(1-"*$363+1)-1-"$1"&+1 '1*8B1+3./ 1#2 NDSB-201 (:3./+& 3.8D). E3 

'B!$1*8(0!= "1* &+&"02A,).&+ F2A,).&+ '01*= 100K .&3 !.07,).&+ '! 

'*%A$10$1+3.- &.03+1>18(& '01 '0&,µ/ 911-2 '01 MAXLAB (Lund, <1*)6(&), 

A?$(= /µ?= +& "&$1*'35'1*+ 3.&+/0)0& "!$(,8&')= 0?+ &.0(+?+-G. 

 

!"#$%& 3.8 C1 &"1078!'µ& 0)= 61.3µ-= .$*'0588?')= 0)= StCel61 ('! '*%.7+0$?') 
40 mg/ml) µ! 3.15 M ,!33./ &µµ4+31, 0.1 ! .30$3./ 0$3+50$31 pH 5 "$3+ (;) .&3 µ!05 
(D) 0)+ "$1',-.) NDSB-201. 

 

3.2 GH61 &'$ () %*µ&()+",- µ.#*(& Fusarium oxysporum (FoCel61) 

3.2.1 !'"/)0- %)1#/+)(","#-2 &//*/)134&2  &'$ () 0)%",45µ& ()1 F. 

oxysporum 

;$A3.5, A$)'3µ1"134+0&= 0) >5') 6!61µ7+?+ 01* Broad Institute 

(http://www.broad.mit.edu), !+01"('0).&+ 13 +1*.8!10363.7= !.!(+!= &88)81*A(!= 01* 



!"#!

!"#$%$&µ'(") ("* F. oxysporum +"* ,-%$,"+"$".# *+"/0($,1) +2-(03#0) µ0 "µ"4"!5' 

60 µ147 (7) "$,"!1#0$') 61. 8#($6(219"#(') (7 %$'%$,'65' 6(7 6*#1:0$', 

+2"6%$"256(7,'# "$ +2-(0;#$,1) '4474"*:50) (7) <=67) %0%"µ1#-# NCBI 

(http://www.ncbi.nlm.nih.gov/) +"* +'2"*65'>'# 6*!!1#0$' '4474"*:5') µ0 (' 

0+$40!µ1#' !"#5%$' :276$µ"+"$&#(') (" 02!'405" '#'>?(767) BLAST (Altschul, Gish 

et al. 1990). @#("+56(7,'# 11 ORFs "µA4"!' 6(7# "$,"!1#0$' GH61, !0!"#A) +"* 

6*#=%0$ µ0 ("# :'2',(72$6µA ("* F. oxysporum -) $6:*2". ,*(('2$#"4*($,". 

µ.,7(' (Panagiotou, Kekos et al. 2003; Christakopoulos, Xiros et al. 2008). 

B" !"#5%$" Foxg_09688.2 ? Focel61 ,-%$,"+"$05 µ5' +2-(03#7 +"* 

+'2"*6$=>0$ (7 µ1!$6(7 'µ$#"C$,? ('*(A(7(' µ0 (7 Cel61A (46%, GenBank 

accession number CAA71999) ,'$ (7 Cel61B (40%, AAP57753) ("*  T. reesei. 

(D5#',') 3.4). Eµ"4"!5' +'2"*6$=>0$ 0+567) µ0 ("# ,'('4*($,A ("µ1' (-# GH61  

 

!"#$%$& 3.4 F'2',(72$6($,= ("* !"#$%5"* Foxg_09688.2 ? FoCel61. G 67µ'("%"($,? 
'4474"*:5' 1,92'67) +2"6%$"256(7,0 µ0 (" +2A!2'µµ' SignalP (Emanuelsson, Brunak 
et al. 2007), (" /0-27($,A HI ,'$ pI µ0 (" +2A!2'µµ' ProtParam (Gasteiger E. 2005) 
0#& "$ /160$) !4*,">*45-67) µ0 (' NetNGlyc (Gupta R. 2004) ,'$ NetOGlyc (Julenius, 
Molgaard et al. 2005). 

J-%$,A) Broad Institute Foxg_09688.2. 

D02$":? (Scaffold) 12: 400772-401792  

H?,") !"#$%5"* 1021 

82$/µA) 8µ$#"C1-# 242 

82$/µA) 0C-#5-# 1 

K7µ'("%"($,? '4474"*:5' 
1,,2$67) 8µ$#"C1' 1-19: MHCNLSLGVVAALLAGANA 

L0-27($,A H"2$',A I=2") (Da) 26300 

L0-27($,A pI 7.12 

D$/'#1) /160$) M-!4*,">*45-67): 1 (Asn4) 
D02$":1) N4*,">*45-67) 

D$/'#1) /160$) E-!4*,">*45-67): 1 (Thr 241) 



! "#!

!"# $%&' µ()*$+' A. nidulans (AN1602.2, 39% $!&$#$*$!, EAA64722), A. kawachii 

(AkCel61, 38%, BAB62318.1), V. volvacea (EgII, 34%, AY559101), P. 

chrysosporium (Cel61A, 34%, AAM22493), A. bisporus (CEL1, 32%, AAA53434), 

C. neoformans (Cel1, 30%, AAC39449) )!, C. heterostrophus (Eg6, 27%, 

AAM76663) (-,)#.! 3.9). /% 0%.12,% !&$#, "%& +","34%. 2+. "+5,46+, +7#.,!, 

0+0%.#' "%& 2,+&)%3(.+, $*. +$+5#3%0* 4)85!7* $*' !.$17$%,6*' "59$+:.*', 

+",346;*)+ 0,! $*. )39.%"%1*7* )!, "!5!090< $*' GH61 !"# $% F. oxysporum, 

(FoCel61). 

/! 6!5!)$*5,7$,)= $%& 0%.,21%& "!5%&7,=>%.$!, 7$%. ?1.!)! 3.4. ?54"+, .! 

7*µ+,9;+1 #$,, 7+ !.$1;+7* µ+ $*. "3+,%@*81! $9. GH61 "%& 46%&. 6!5!)$*5,7$+1 

µ465, 7<µ+5!, * FoCel61 2+ 2,!;4$+, $%µ4! "5#72+7*' 7+ "%3&7!)6!51$+' (CBM) 

#"9' +A=33%& 7&µB!1.+, )!, 7$*. "+51"$97* $9. H. jecorina Cel61B (Karkehabadi, 

Hansson et al. 2008) )!, Cryptococcus neoformans Cel1 (Chang and Kwon-Chung 

1998).  

 



!"#!

 

!"#$%& 3.9 !"##$%#& '(")*+', $##,#"-*)$. (,. FoCel61 µ/ 9 "µ0#"1/. %23(/45/. 
(,. "+6"175/+$. GH61: TrCel61A (GenBank accession no CAA71999) 6$+ TrCel61B 
(AAP57753) ("- T. reesei, 891602.2 (EAA64722) ("- A. nidulans, AkCel61 
(BAB62318.1) ("- A. kawachii, VvEgII (AY559101) ("- V. volvacea, PcCel61A 
(AAM22493) ("- P. chrysosporium, AbCEL1 (AAA53434) ("- A. Bisporus, CnCel1 
(AAC39449) ("- C. neoformans 6$+ ChEg6 (AAM76663) ("- C. heterostrophus. :/ 
#/-60 *2;µ$ %$2"-'+<="5($+ ($ ($-(0',µ$ $µ+5">7$ /5; µ/ 6066+5" ($ %$20µ"+$. 
:/ ! -%"?/+65@"5($+ ($ $µ+5">7$ %"- %+A$5;. '-µµ/(7*"-5 '(, '-5$2µ"1& ("- 
µ/($##"6$(+05("., µ/ B<', (, ?"µ& (,. TrCel61B 6$+ (,5 %"##$%#& '(")*+', 
$##,#"-*)$.. H /+605$ '*/?+<'A,6/ µ/ ($ %2"12<µµ$($ !-Coffee (Notredame, 
Higgins et al. 2000) 6$+ ESPRIPT (Gouet, Courcelle et al. 1999). 



! ""!

3.2.2 !"#"$%$& '"( '")"#(*µ+, -., FoCel61 

! "#$"#%$&'$ ()* $%)+)*,-,.%/ 0#$ 1.2 %+32)()'.&., 4%56$&. %$# 

%$,$6#&µ7 1.8 FoCel61 -1$2 '"#$ µ/ $*1- ()* $%)+)*,-,.%/ 0#$ 1.2 StCel61 

(§.3.1.2, 3.1.3 %$# 3.1.4). 91.2 :#%72$ 3.10 ($6)*&#;</1$# 1) $()14+/&µ$ 1.8 

$21'"6$&.8 PCR 0#$ 1)2 ()++$(+$&#$&µ7 1)* $21'&1)#=)* 0)2#"')* $(7 1) 0)2#"#$%7 

DNA 1)* F. oxysporum. 

 

! %$,$671.1$ 1.8 $2$&*2"*$&µ42.8 FoCel61 /%1#µ-,.%/ µ/ .+/%16)576.&. 

SDS-PAGE %$# 1) #&).+/%16#%7 1.8 &.µ/') µ/ IEF &/ 42$ />6)8 pH 3 438 9. ?) 

%$,$67 42<*µ) ()* $2$%1-,.%/ 1/+#%; /'=/ @A ~26 kDa %$# pI 5.6 (:#%72$ 3.11).  

?) (/#6$µ$1#%; (6)&"#)6#&µ42) @A /'2$# &/ &*µ532'$ µ/ 1) ,/36.1#%7, 0/0)278 

()* $()1/+/' 42"/#B. 71# . $2$&*2"*$&µ42. (631/C2. "/2 /'2$# 0+*%)<*+#3µ42.. ! 

$()*&'$ D-0+*%)<*+'3&.8 /(#E/E$#F,.%/ %$# (/#6$µ$1#%; µ/ /(/B/60$&'$ µ/ 

0+*%)<#";&. Endo H %$1; 1.2 )()'$ "/2 ($6$1.6-,.%/ %$µ'$ µ/1$E)+- &1) MB 1.8 

/(/B/60$&µ42.8 (631/C2.8.  



!"##!

 

 

!"#$%& 3.11 SDS-PAGE (!) "#$ IEF (%) &'( FoCel61. A. 1/ )*+&,)- .$/0,µ# 
µ12µ#&-( )*3&45676 8#µ'076 9%, 2/ 4:3",&&#*$"+ ,2*+ &'( "#00$;*24$#( 
#6#<,6.,#<µ;6'( P. pastoris, 3/ ;:-.-( <&=0'( TALON "#$ 4/ "#>#*= FoCel61 B. 
1/ )*+&,)- .$/0,µ# µ12µ#&-( )*3&45676 263<&76 pI 4?*-,( 3.5-9.3, 2/ "#>#*= 
FoCel61. 

 

3.2.3 '"()*µ"#$+ )&,&#-*,".µ$+ -*+ FoCel61 

@$# &'6 #61864,<' &'( 464*2+&'&#( &'( FoCel61 8*'<$µ-)-$=>'"4 µ1# µ42/0' 

)-$"$01# )-0,<#"8#*$&76. A$ #6&$.*/<4$( )*#2µ#&-)-$=>'"#6 +)3( )4*$2*/B4&#$ 

<&'6 §2.2.3 &-, "4B#0#1-, «C0$"/ "#$ 9;>-.-$», <4 >4*µ-"*#<1# 40 -C "#$ 50 mM 

*,>$<&$"-? .$#0?µ#&-( "$&*$"76-B3<B-*$"76 pH 7. D)3( B#164&#$ <&-6 E16#"# 3.5, 

' FoCel61 )#*-,<$/F4$ #<>46= ,.*-0,&$"= .*/<' <&$( :,0/64( (#*#G$6-:,0/6' 

)1&,*-, "#$ :,0/6' -:$/() "#$ #"+µ# #<>46;<&4*' <&# CMC "#$ 0$846/6'. 



! "#"!

 

!"#$%$& 3.5 !"#$%&#"&$µ'( %")$*&+'*,*)( *,( FoCel61 $- µ.) /#&+&0.) 
/#01$)+2)"&*34, “-”: µ, )4&24-5$&µ, %"6$,. 

'()*+,-µ$ .#$/-/0%1 1%,$ 
(µmol/min 2 g protein) 

CMC 7 ± 2.2 
HEC - 
HPMC - 
7-80#1+64, +"&9)"&#5 - 
:&2-464, 11.4± 1.9 
:)µ&4)".4, - 
;1**)".4, Avicel - 
<")7&4#=1064, /.*1"#1 210.9± 7.9 
>1064, #=&6( 139.8 ± 0.8 
<")7&+' +'µµ& - 
?&*.4, - 
 

@&) *#4 /"#$%&#"&$µ' *A4 7B0*&$*A4 $149,+34 %"6$,( *,( FoCel61, 

2",$&µ#/#&C9,+- , )$9-4C( 1%"#01*&+C $1µ/-"&D#"6 /64A $*, 0&2-464,, '/A( +)& 

$*,4 /-"./*A$, *,( StCel61. !&# $18+-+"&µB4), 8&) *#4 /"#$%&#"&$µ' *,( 7B0*&$*,( 

9-"µ#+")$.)( %"6$,( 200 µl %&)05µ)*#( 0&2-464,( 0.5% (w/v) $- "19µ&$*&+' 

%&601µ) DA$D#"&+34 50 mM pH 7 )4)µ.29,+)4 µ- 50 µl %&)05µ)*#( FoCel61 1 µ! 

$- 20 mM Tris HCl pH 8 +)& *# µ.8µ) -/A6$*,+- 8&) 1 h $*#1( 30, 40, 50, 60, 70, 80 

+)& 90 oC. <+#0#59,$- µB*",$, *A4 )4)8A8&+34 $)+26"A4 +)& /"#$%&#"&$µ'( *,( 

$2-*&+C( -4-"8'*,*)( $- +69- 9-"µ#+")$.) A( /#$#$*' -/. *,( µB8&$*,( 

µ-*"#5µ-4,( 1%"#01*&+C( %"6$,(. <4*.$*#&2), 8&) *,4 -5"-$, *#1 7B0*&$*#1 pH , 

.%&) )4*.%")$, /")8µ)*#/#&C9,+- $*#1( 50 #C µ-*6 )/' %&)01*#/#.,$, *,( 

0&2-464,( $- B4) µ-860# -5"#( pH.  

 



!"#$!

 

!"#$%&µµ& 3.8 !"#$%&' #(#)*+$,$- $,. FoCel61 /# 0(- #1)2. 3#)µ2&)-/%4( (5) &-% 
pH (B). 

 

678. 9-:(#$-% /$2 ;%<*)-µµ- 3.8, , =0>$%/$, 3#)µ2&)-/:- #:(-% 40 oC &-% 

$2 =0>$%/$2 pH ?)</,. #:(-% 7. @% /"#$%&0. #(#)*+$,$#. µ#$< -7+ -($%?)</#%. µ:-. 

4)-. /$2A. 30, 35, 40, 45, 50, 55 &-% 60 oC '$-( -($:/$2%"- 70, 96, 100, 98, 96, 71 

&-% 6% #(4 /$2A.  65 oC , 7)8$#B(, '$-( -(#(#)*'. !# pH 3, 4, 5, 6, 7, 8, 9, &-% 10 

$- -($:/$2%"- 72/2/$< '$-( 38, 86, 91, 98, 100, 88, 57 &-% 56%.  

3.2.4 '("%#µ&)& *+,(%$")"*µ-. µ( /+))&%",#*(0 

C)2&#%µ0(2A (- #D#$-/$#: -( , FoCel61 7-)2A/%<E#% #(%/"A$%&' ?)</, &-$< 

$,( A?)+>A/, >%*(%(2&A$$-)%(21"8( A72/$)8µ<$8( -7+ $%. &>-/%&0. &A$$-)%(</#., 

7)-*µ-$272%'3,&-( 7#%)<µ-$- /A(#)*%$%/µ21 7<(8 /$2 PWS &-% $2 PS, 

"),/%µ272%4($-. #:$# $2 Celluclast #:$# µ:*µ- &-3-)4( &A$$-)%(-/4( +78. 

7-)2A/%<E#$-% /$2( C:(-&- 3.6. T- 0(EAµ- ?%->A$272%'3,&-( /# )A3µ%/$%&+ 

?%<>Aµ- &%$)%&4(/98/92)%&4( 100 mM pH 5.5 7-)2A/:- 1mM MnCl2 &-% 0.02% 

NaN3 (w/v). @% -($%?)</#%. 7)-*µ-$272%'3,&-( /$2A. 40 oC *%- 96 h (4 ,µ0)#.). 
F#8)4($-. $- µ#$)21µ#(- -(-*8*%&< /<&"-)- 8. -(<>2*- *>A&+E,. &-% µ# =</, 

$, /1/$-/, $8( A72/$)8µ<$8( 7)2/?%2):/$,&# , % µ#$-$)27' $,. &A$$-):(,. *%- 

$- ?%<92)- #(EAµ%&< µ:*µ-$-. !$- ;%-*)<µµ-$- 3.9 &-% 3.10 7-)2A/%<E2($-% $- 

-72$#>0/µ-$- -7+ $, µ0$),/, $8( -(-*8*%&4( /-&"<)8( /$- µ:*µ-$- $8( 

-($%?)</#8( A?)+>A/,.. 678. &-% /$,( 7#):7$8/, $,. StCel61, , 7)2/3'&, 

&-3-)'. FoCel61 /$- "),/%µ272%21µ#(- A72/$)4µ-$- ?#( #:"# &-(0(- A?)2>A$%&+ 

-72$0>#/µ-. 



! "#$!

!"#$%$& 3.6 ! "#"$%"& $'( )(*+µ,-.( µ,/µ0$'( -%, $% +12"$3.µ%$% 12+ 
43&",µ212,56&-%( -%$0 $% 1),30µ%$% "+()3/,$,"µ2# $&7 FoCel61 

'()*+,-µ$+$ 8,/(,(2-+$$%3,(2#4%: PWS, PS 

9%6%3:7 -+$$%3;()7:Avicel 

.#/0µ1%2 
3"4µ$+$* 

Celluclast (11 mg/g +12"$3.) 

 FoCel61 (9 mg/g +12"$3.) + Celluclast (11 mg/g +12"$3.) 

Celluclast (22 mg/g +12"$3.) 

9+$$%3,(0")7 (2.5 mg EGII + 14 mg CBH I/g +12"$3.) 

FoCel61 (9 mg/g +12"$3.) + 9+$$%3,(0")7 (2.5 mg EGII + 14 
mg CBH I/g +12"$3.) 

* <) =>% $% )(*+µ,-0 µ;/µ%$% /,(=$%( 132"65-& ?-/>+-2*,@0"&7 ") 12"2"$= ~3% 
(w/w  )1; $2+ "+(2>,-2# 13'$)A(,-2# B23$;2+. 

 

 

5124,$µµ$ 3.9 C1;@3%"& $&7 FoCel61 "$&( +@3=>+"& $2+ PWS (A) -%, PS (B) %1= 
$2 Celluclast. D2 "#µ?2>2 (!) %($,"$2,4); ") 11 mg Celluclast/g +12"$3.µ%$27, $2 
"#µ?2>2 (") ") 11 mg Celluclast + 9 mg FoCel61/g +12"$3.µ%$27 -%, $2 "#µ?2>2 

(!) ") 22 mg Celluclast /g +12"$3.µ%$27.  

 



!"#$!

 

!"#$%&µµ& 3.10 !"#$%&'( )(* FoCel61 ')(+ ,$%-.,'( )/, PWS (A) 0&1 PS (B) &"- 
)/ µ#2µ& 0,))&%1+&'3+. 4/ '5µ6/./ (!) &+)1')/178# ')/ µ#2µ& 0,))&%1+&'3+ (2.5 mg 
EGII + 14 mg CBHI/g ,"/')%3µ&)/* 8+3 )/ '5µ6/./ (") ')/ µ#2µ& &,)- 
8µ"./,)1'µ9+/ µ8 9 mg FoCel61 /g ,"/')%3µ&)/*.  

:";* <&#+8)&1 0&1 ')& "&%&"=+; '7>µ&)&, ( "%/'?>0( )(* FoCel61 ')/ 

Celluclast 0&?3* 0&1 ')/ µ#2µ& 0&?&%3+ 0,))&%1+&'3+ /$(2/5'8 '8 &5@('( ')/ 

',+/.10- 6&?µ- ,$%-.,'(*, 81$10= ')(+ "8%#");'( )/, PS. A1/ ',2080%1µ9+&, ')(+ 

"8%#");'( )(* ,$%-.,'(* µ8 Celluclast, ( "%/'?>0( 9 mg FoCel61/g ,"/')%3µ&)/* 

/$(2/5'8 '8 &5@('( ')/ "/'/')- ,$%-.,'(* 0&)= 23 0&1 28% ')& PWS 0&1 PS, 

&+)#')/17&. :)&+ ( ,$%-.,'( "%&2µ&)/"/1/5+)&+ "&%/,'#& µ#2µ&)/* 0&?&%3+ 

0,))&%1+&'3+, )& &+)#')/17& "/'/')= >)&+ 15 0&1 34%. B "&%&)(%/5µ8+/* 

',+8%21)1'µ-* 0&1 ')(+ "8%#");'( &,)> $8+ µ"/%8# +& &"/$/?8# '8 &?%/1')10> 

,$%/.,)10> $%='( )(* GH61, 0&?-)1 -";* "%/&+&<9%?(08 -)&+ "%/')9?(08 µ-+( 

)(* $8+ "%/0=.8'8 &"8.8,?9%;'( &+&2;2103+ '&07=%;+ '8 0&+9+& &"- )& 

"&%&"=+; ,"/')%3µ&)&. 

 

3.2.5 '()*+, +,- (./0%&1,- +,- FoCel61 1+& µ2%"& 3(%45 µ( 6%71, NMR 
1+4 8(0/4 +49 :%2349.  

C0/"-* );+ "81%&µ=);+ µ8 NMR ')/ A8$#/ )/, 7%-+/, >)&+ +& $1&"1');?8# 

&+ ( "%/'?>0( GH61 "%/0&./5'8 0="/1& 8"1".9/+ µ8)&6/.> ')(+ 0&)=')&'( );+ 

µ/%#;+ +8%/5 "/, &..(.8"1$%/5+ µ8 )& ',')&)10= )/, 0,))&%10/5 )/173µ&)/*. D"- 

"%/(2/5µ8+8* µ8.9)8* 8#+&1 2+;')- -)1 µ8 )(+ )87+10> &,)> 8#+&1 $,+&)- +& 

&"/),";?8# ( $%='( 0,))&%1+/.,)103+ 8+E5µ;+ 0&)= )& "%3)& ')=$1& )(* 



! "#$!

!"#$%µ&'&( )*++!,-.#/01. *"#'+,1µ2+1. µ3'1 +&( )!+!4,!56( "!,!µ3+,1. %"1( 

# 0,%.#( 0!72,1'&( 82 (Felby, Thygesen et al. 2008).  

  9: %,+- !5#,2 +! ":-,2µ!+! ': filter paper ()!;!,6 )*++!,<.&), $:. 

"!,!+&,6;&): )2"#-! '&µ!.+-)6 $-!5#,#"#<&'& ': '03'& µ: +# $:<4µ! :7340#* 

($:<4µ! 6a), +%'# '+! $:<4µ!+! "#* :<0!. *"#'+:< )!+:,4!'<! µ: µ<4µ! 

)*++!,-.!'=. (3a), %'# )!- '+! *"%7#-"! '+! #"#<! :<0: 4<.:- ",#';6)& FoCel61 

µ%.&( 6 ': '*.$*!'µ% +# )*++!,-.#7*+-)% µ<4µ! ($:<4µ!+! 1a, 2a, 4a )!- 5a). 8! 

"!,!"2.1 3,0#.+!- ': !.+<;:'& µ: +! $&µ#'-:*µ3.! !"#+:73'µ!+! (Felby, 

Thygesen et al. 2008), 1'+%'#, ",3":- .! '&µ:-1;:< "1( 0,&'-µ#"#-6;&): 

$-!5#,:+-)% )*++!,-.#7*+-)% µ<4µ! '+-( 2 :,4!'<:(.  

9+&. ":,<"+1'& +#* ",#)!+:,4!'µ3.#* µ<'0#* !,!>#'<+#*, & ",#';6)& +#* 

Celluclast 1.5L ($:<4µ! 5b) ",#)27:': +-( <$-:( µ:+!>#73( "#* :<0!. "!,!+&,&;:< )!- 

'+&. ",#!.!5:,;:<'! µ:73+&: & )#,*56 '+# 1 ms !,0<?:- '+!$-!)2 .! 01,<?:- '+! 

$/# :.= & )#,*56 "#* !.+-'+#-0:< '+# :7:/;:,# .:,% ('+! 10 - 100 ms) 4<.:+!- 

'+:.%+:,& (@-24,!µµ! 3.11A). B+!. '+# Celluclast ",#'+<;:+!- FoCel61 ($:<4µ!+! 

3a )!- 4a), "!,!+&,#/.+!- #- <$-:( !77!43( '+&. )#,*56 '+# 1 ms, !772 & µ:+!>#76 

'+&. )#,*56 +#* :7:/;:,#* .:,#/ :<.!- !';:.3'+:,& (@-24,!µµ! 3.11C), :.= & 

",#';6)& ')3+&( FoCel61 $:. ",#)!7:< )!µ<! $-!5#,#"#<&'& (@-24,!µµ! 3.11C).  



!"#$!

 

 

 

!"#$%&µµ& 3.11 !"#µ$ %&'()* +,-.)* NMR /)* 0,)1$/&,2$#µ3.)* µ(#4)* 

$,$5)#(/)* #/67 4,).6137 #/62µ37 t=0 ( __ ) 1$6 t=180 min ( … ) 1$/" /8. 

&0&9&,2$#($ µ& Celluclast (A), Celluclast &µ0:)*/6#µ3.) µ& FoCel61 (B), FoCel61 

µ-.) (C) 1$6 $0&.&,2)0)68µ3.$ 3.;*µ$ (D). < 4,-.)7 4$:",=#87 0$,)*#6";&/$6 #& 

:)2$,6>µ61? 1:(µ$1$. 

 

3.2.6 '%()*&++,$%&-"./0 µ1+/*10 FoCel61 

@0=7 1$6 #/8. 0&,(0/=#8 /87 StCel61, )6 1,*#/$::)2,$A6137 µ&:3/&7 /87 

FoCel61 0,$2µ$/)0)6?>81$. #/) &,2$#/?,6) /87 Dr. Leila Lo Leggio #/) Bµ?µ$ 

+8µ&($7 /)* %$.&06#/8µ()* /87 C)0&24"287. D&/" $0- ')16µ? 0:?>)*7 #*.>81E. 

1,*#/"::=#87 µ& /8 5)?>&6$ ,)µ0-/, µ61,)( 1,F#/$::)6 &µA$.(#/81$. 0$,)*#($ 

0.2 M LiSO4, 25% PEG3350 1$6 0.1 M Bis Tris pH 6.5 ? Hepes pH 7.5 (#*.>?1&7 G3 



! "#$!

!"# G4 "$% &' (!)*"(µ" INDEX HT &+, Hampton Research), () (-.!/0&12(+ 3.25 

mg/ml FoCel61 !"# "0"3'.4" "05µ#6+, 1:1 7 2:1 (8#!%0" 3.12). 

 

!"#$%& 3.12 91*(&"33'# &+, FoCel61 $'- "0"$&*:;+!"0 () 0.2 M LiSO4, 25% 
PEG3350 (A, C) !"# 0.1 M Bis Tris pH 6.5 7 Hepes pH 7.5  (B, D). < "0"3'.4" 
"05µ#6+, 7&"0 1:1, + (-.!/0&12(+ FoCel61 3.25 mg/ml !"# ' %.!', (&".%0", 0.3 µl 
(A, B) !"# 4 µl (C, D). =# !1*(&"33'# (&" > !"# ? "0"$&*:;+!"0 µ) &+0 &):0#!7 &+, 
!";4µ)0+, (&".%0", )0@ (&" C !"# D µ) &+0 &):0#!7 &+, !1)µ5µ)0+, (&".%0",. 

=# !1*(&"33'# "-&'4 "A'* )µB"$&4(&+!"0 () !1-'$1'(&"&)-&#!% C#53-µ" 

(µ+&1#!% C#53-µ" µ) 35% PEG 3350 7 27% .3-!)1%3+) .#" µ)1#!5 C)-&)1%3)$&", 

D*:;+!"0 "$%&'µ" µ) B*;#(+ () -.1% 5E2&' !"# (&+ (-0/:)#" )!&/;+!"0 () 

(-.:1'&1'0#!7 "!&#0'B'34" (&' (&";µ% 911-2 (&' MAXLAB (Lund, F'-+C4"). < 

$)1#;3"(&#!7 #!"0%&+&" 7&"0 $'3* :"µ+37 ()-!140)#" 15 Å), $"15 &' µ).53' "1#;µ% 

&20 !1-(&53320 $'- C'!#µ5(&+!"0 !"# &+ :17(+ &):0#!@0 %$2, + "0%$&+(+ 

(annealing) !"# + "A-C5&2(+ (Heras and Martin 2005). G"-&%:1'0", $1'!)#µ/0'- 0" 

B)3&#2;)4 + $'#%&+&" &20 !1-(&53320, + "1:#!7 (-0;7!+ !1-(&5332(+, (G3 "$% &' 

INDEX HT) &1'$'$'#7;+!) µ) :17(+ $1'(µ46)20 !1-(&5332(+,, "0&#!"&5(&"(+ 

&'- LiSO4 µ) 533" 53"&" 3#;4'- !"# &+0 "33".7 &+, (-.!/0&12(+, &20 )$#µ/1'-, 

(-(&"&#!@0 !1-(&5332(+,. =# !1*(&"33'# $'- $1'/!-D"0 C)0 $"1'-(4"("0 !5$'#" 

#C#"4&)1+ B)3&42(+ (&+0 $)1#;3"(&#!7 #!"0%&+&".  



!"#$!

4. !"#$%&''()"&*+,-. µ/'-%/. %0. 1#'&23$0. FoXyn10a 

4.1 423'#$0 %0. &''0'(#56&. %0. FoXyn10a µ/ 73$0 %( )(2+869µ& %(# F. 

oxysporum 

! "µ#$%&#'( "))*)%+,-" .*/ FoXyn10a 01%23#%1-2.*'4 µ4 562* .% 7%$-3#% 

foxg_17421.2 .*/ 562*/ 343%µ8$9$ .%+ Broad Institute (http://www.broad.mit.edu). 

:.%$ ;-$"'" 4.1 0"1%+2#6<%$."# ." ,"1"'.*1#2.#'6 .%+ 7%$#3-%+ '"# .*/ "$.-2.%#,*/ 

019.4=$*/. 

:62&,&. 4.1 >"1"'.*1#2.#'6 .%+ 7%$#3-%+ foxg_17421.2 '"# .*/ 019.4=$*/ 0%+ 
"+.? '93#'%0%#4-. @" A491*.#'6 BC '"# pI 01%23#%1-2.*'"$ µ4 .% 01?71"µµ" 
ProtParam (Gasteiger E. 2005) 4$D %# A824#/ 7)+'%<+)-92*/ µ4 ." NetNGlyc (Gupta 
R. 2004) '"# NetOGlyc (Julenius, Molgaard et al. 2005). 

E93#'?/ Broad Institute foxg_17421.2 

B('%/ 7%$#3-%+ (2+µ041#)"µ56$%$."# 
."  42?$#") 1004 

F1#Aµ?/ 4&9$-9$ 3 

F1#Aµ?/ Fµ#$%&89$ 280 

G491*.#'? B%1#"'? C61%/ (Da) 31322.3 

G491*.#'? pI 8.96 

;#A"$8/ A824#/ H-7)+'%<+)-92*/: 1 (Asn54) 
;41#%,8/ I)+'%<+)-92*/ ;#A"$8/ A824#/ J-7)+'%<+)-92*/: 5 

(Thr163, Thr167, Thr169, Thr 172, Thr 174) 

 

 

4.2 :&"&)9); ,&+ ,&<&"+$µ=. %0. FoXyn10a 

@" 2.63#" 0"1"797(/ '"# '"A"1#2µ%K .*/ &+)"$62*/ FoXyn10a 

01"7µ".%0%#(A*'"$ 2.% L17"2.(1#% C#%.4,$%)%7-"/ .*/ :,%)(/ >*µ#'D$ 

B*,"$#'D$ (L.B.;.) "0? .%$ M1. L+6774)% @?0"'" 2KµN9$" µ4 .* 3#"3#'"2-" 0%+ 

041#716N4."# 2.*$ 417"2-" .9$ (Christakopoulos, Nerinckx et al. 1997; Topakas and 

Christakopoulos 2004). 



! "#$!

!" #$ %"& '()(*"+ ,-.+µ"& µ, /012 %2- 23,'%*"4"*212 SDS-PAGE 5%(- 

38kDa '(6 %" 7,6*(µ(%6'0 7*"186"*61µ9-" pI 9.5. :%2- ;6'<-( 4.1 7(*"&160.,%(6 2 

23,'%*"4<*212 SDS-PAGE %2= '()(*5= >&3(-012= 7"& ?*216µ"7"65)2', @6( %( 

7,*(6%9*A 7,6*0µ(%( '*&1%033A12=,  

 

!"#$%& 4.1 B3,'%*"4<*212 SDS-PAGE %2= '()(*5= FoXyn10a. :%2- (*61%,*5 
3A*C8( 7(*"&160.,%(6 7*<%&7" µC@µ( 7*A%,D-E- @-A1%"+ #$. 

 

4.3 '()*+,--.*/ FoXyn10a #&" *)--012 3430µ5%.% 64(78-&*/9 

F6 8"'6µ9= '*&1%033A12= %2= FoXyn10a 7*(@µ(%"7"65)2'(- 1%" G-1%6%"+%" 

F*@(-6'5= '(6 H(*µ(',&%6'5= I2µ,C(= %"& ;)-6'"+ G8*+µ(%"= ;*,&-E- (GFHI, 

;G;) 1%2- Fµ08( J"µ6'5= $6"3"@C(= '(6 I2µ,C(= &7< %2- ,7C/3,K2 %2= J*. ;. 

I*&1C-(. !( (*?6'0 7,6*0µ(%( '*&1%033A12= 7*(@µ(%"7"65)2'(- (7< %2- '. :"4C( 

!"&3C"& 1%( 73(C16( %2= 8673Aµ(%6'5= %2= ,*@(1C(= 1%" C86" ,*@(1%5*6" 1, 

1&-,*@(1C( µ, %2- J*. I*&1C-(. B %,?-6'5 7"& ,4(*µ<1%2', %<%, 5%(- 2 860?&12 

(%µE- µ, '*,µ0µ,-2 1%(@<-(. L*+1%(33"6 %2= FoXyn10a (-(7%+?)2'(- 1, µC( 

7"6'63C( 1&-)2'E-. M&%5 7"& "85@21, 1%" 739"- 6'(-"7"62%6'< (7"%93,1µ( 

7,*6,C?, 0.2 ! (CH3COO)2Ca, 0.1 M (CH3)2As(O)ONa pH 6.5, 17.5% (w/v) PEG 

8000 '(6 10% @3&',*<32.  

:%( 73(C16( %2= 7(*"+1(= ,*@(1C(=, ,- 1&-,?,C(, 86,*,&-5)2', µ,@03" 

735)"= 1&-)2'E- '*&1%033A12= µ, %2 /"5),6( *"µ7<% '*&1%033A12= '(6 

,µ7"*6'E- 1',&(1µ0%A- (Oryx-Nano crystallization robot (Douglas Instruments, 

Ltd). :%2- 7,*C7%A12 (&%5 (-(7%+?)2'(- '*+1%(33"6 1, ('<µ( µ,@(3+%,*" (*6)µ< 



!""#!

!"#$%&'(")*+ ,-+./)*+ #$%0 ,' )1.' !%)"µ2 )&-,(1334,/5 '3678%+(#" 96 

!"#)&"(65 ,-+.2)'5. (9"):+# 4.2).  

 

!"#$%& 4.2 ;&0,(#33%" (/5 FoXyn10a <%- #+#<(08./)#+ ,("5 #):3%-.'5 ,-+.2)'5 
(%- 'µ<%&")%0 ,)'-1,µ#(%5 JCSG-plusTM: (=) 0.1 M %>"): #µµ*+"%, 0.1 M Bis Tris 
pH 5.5 )#" 17% (w/v) PEG 10,000 (,-+.2)/ ?6), (@) 0.005 M 834&"%08% )%A13("%, 
0.005 M 834&"%08% )1!µ"%, 0.005 M 834&"%08% µ#7+2,"%, 0.005 M 834&"%08% 
+")63"%, 0.1 M Hepes pH 7.5, 12% (w/v) PEG 3350 (,-+.2)/ G5), (C) 0.1 M Hepes 
pH 7.5, 10% w/v PEG 8000, 8% (v/v) #".-3'+%73-):3/ (,-+.2)/ B4), (D) 10% (w/v) 
PEG 1000, 10% (w/v) PEG 8000 (,-+.2)/ C12), (E) 0.1 M Hepes pH 7.0, 10% (w/v) 
PEG 6000 (,-+.2)/ C4), (F) 0.02 M 834&"%08% µ#7+2,"%, 0.1 M Hepes pH 7.5, 22% 
(w/v) <%3-#)&-3"): %>0 5100 (,-+.2)/ G2). 

 

? ,-+.2)/ <%- <#&%-,B#,' (/ µ'7#30('&/ '<#+#3/C"µ:(/(# !B+%+(#5 

'-µ'76.'"5 )&-,(133%-5 µ' ")#+%<%"/(")2 <'&B.3#,/ (4+ #)(B+4+-D )#" <%- ('3")1 

8&/,"µ%<%"2./)' 7"# (/+ ,-33%72 )&-,(#33%7&#$")*+ !'!%µ6+4+ <'&"'B8' 0.1 M 

%>"): #µµ*+"%, 0.1 M Bis Tris pH 5.5 )#" 17% (w/v) PEG 10,000 (?6, JCSG-plusTM). 

E" )&0,(#33%" #+#<(08./)#+ µ' #+1µ'">/ B,4+ :7)4+ (0.5 µl) <&4('F+/5 15.5 mg 

ml-1 ,' &-.µ",("): !"13-µ# 20 mM MES-NaOH pH 6.0 )#" !"#30µ#(%5 

)&-,(1334,/5, )#" '>",,%&%<2./)#+ 6+#+(" 100 µl µ/(&")%0 !"#30µ#(%5 ,(%-5 16 
oC. =)%3%0./,' 6).',/ µ%+%)&-,(133%- (/5 FoXyn10a (9"):+# 4.3) ,' 

,-78&%(&%+")2 #)("+%A%3B#. E )&0,(#33%5 'B8' <&%/7%-µ6+45 'µA#<(",('B ,' 

µ/(&"): !"13-µ# 'µ<3%-(",µ6+% µ' 18% (v/v) #".-3'+%73-):3/, / %<%B# 

8&/,"µ%<%"'B(#" ,-8+1 45 )&-%<&%,(#('-("):. ? ,-33%72 (4+ !'!%µ6+4+ 

<'&B.3#,/5 67"+' ,(%-5 100; ,(% ,(#.µ: D13 (3=0.8123 Å) (%- EMBL (=µA%0&7%, 

G'&µ#+B#).   



! """!

 

!"#$%& 4.3 (!) " #$%&'())*+ ',+ FoXyn10a -*. /$,&0µ*-*012,#3 40( ', &.))*41 
535*µ6787 -3$92)(&,+ #(0 (:) '* (7'9&'*0/* -3$02)(&94$(µµ(. 

 

;.7*)0#< &.))6/2,#(7 244 -3$02)(&04$<µµ('( µ3 3%$*+ '()<7'8&,+ 0.3° 

#(0 /$=7* 6#23&,+ &3 &.4/$*'$*70#1 (#'07*>*)9( (#'9787-? 55 sec. @ 3-3A3$4(&9( 

'87 #$.&'())*4$(B0#C7 535*µ6787 64073 µ3 '( -$*4$<µµ('( MOSFLM (Leslie 

1992) #(0 SCALA (Evans 2006). @ *µ<5( /C$*. &.µµ3'$9(+ 1'(7 P41212 µ3 

50(&'<&30+ µ*7(50(9(+ #.D3)95(+ a=b=124.22, c=284.04 Å #(0 48793+ (=>=4=90º #(0 

5 µ=$0( A.)(7<&,+ (7< (&%µµ3'$, µ*7<5(. ;'*7 E97(#( 4.2 &.7*D9F*7'(0 '( 

&'('0&'0#< (-*'3)6&µ('( -*. (B*$*%7 &',7 3-3A3$4(&9( '87 535*µ6787 

-3$92)(&,+. 

 

4.4 '()*+")("*µ$, #&" -./0"*0)1)23*3 +)µ4,  

@ 5*µ1 ',+ FoXyn10a -$*&50*$9&',#3 µ3 ', µ62*5* ',+ µ*$0(#1+ (7'0#('<&'(&,+. 

G* ($/0#= -$8'3H70#= µ*7'6)* -*. /$,&0µ*-*012,#3 40( 3%$3&, )%&,+ 

#('(&#3.<&',#3 (-= '* -$=4$(µµ( BALBES (Long, Vagin et al. 2008) µ3 ><&, ', 

5*µ1 ',+ A.)(7<&,+ (-= '* Cellulomonas fimi (Cf Xyn10A) µ3 #850#= PDB 3CUI 

(Poon to be published). I3 ><&,  '* -$=4$(µµ( EMBOSS Needle '*. EBI 

(Needleman and Wunsch 1970), , CfXyn10A -($*.&0<F30 42.3% (µ07*A0#1 

'(.'=','( #(0 56% *µ*)*49( µ3 ',7 FoXyn10a. T* BALBES #('<B3$3 7( 37'*-9&30 

4 µ=$0( -$8'3J7,+ &',7 (&%µµ3'$, µ*7<5(. K&'=&* -($(',$12,#3 -$=&23', 



!""#!

 

!"#$%&'()*$+ ,-$(.%!%* ! ','/* *,'%0"#1# )12-&+ 0(3#)4! %!5 ,*&'-1/*5 

#(.5 *$.µ* µ'&/'-. H ,&6%#7()$+ *"-1/3* %'- ,0µ,%'- µ'&/'- )2(!"*%+8!$# µ# %! 

9'+8#)* %'- Buccaneer (Cowtan 2006) $*) %' %#")$. µ'(%0"' ,&'0$-:# µ#%; *,. µ/* 

1#)&; 3)*3'2)$<( $=$"6( 9#"%)1%','/!1!5 µ# %' ,&.>&*µµ* REFMAC (Murshudov, 

Vagin et al. 1997) $*) %' ,&.>&*µµ* µ'&)*$<( >&*?)$<( >)* %!( *(*$*%*1$#-+ 

,&6%#7()$<( µ'(%0"6( COOT  (Cowtan 2006).!

@*8<5 %' µ'(%0"' 9#"%)6(.%*(, ') 2;&%#5 3)*?'&;5 !"#$%&'()*$+5 

,-$(.%!%*5 2FoAFc $*) FoAFc $*8)1%'=1*( #µ?*(+ %!( ,*&'-1/* ,&.18#%!5 

!"#$%$& 4.2 B%*%)1%)$; 1%')2#/* ,'- *?'&'=( 1%! 1-""'>+ $*) #,#4#&>*1/* 
$&-1%*""'>&*?)$<( 3#3'µ0(6( *,. 0$8#1! µ'('$&-1%;""'- %!5 FoXyn10a 1# 
1->2&'%&'()$+ *$%)('9'"/* *$%/(6(-C. 

B%*8µ.5 X13, SRS, EMBL-Hamburg outstation 

D+$'5 $=µ*%'5 (Å) 0.8123 

E"+8'5 ,#&)8"*1)>&*µµ;%6( (#=&'5 
%*";(%61!5) 

244 (0.3°) 

Fµ;3* 2<&'- 1-µµ#%&/*5 P41212 

G)*1%;1#)5 µ'(*3)*/*5 $-:#"/3*5  a=b=124.2 Å, c=284.0 Å, *=9=>= 90º 

H&)8µ.5 µ'&/6( / *1=µµ#%&! µ'(;3* 5 

B-('")$.5 *&)8µ.5 ,#&)8";1#6( 1016139 

H&)8µ.5 *(#4;&%!%6( ,#&)8";1#6( 173419 

I-$&/(#)* (Å) 17.9- 1.9 

E"!&.%!5 3#3'µ0(6( (#46%#&)$+ 1%o)9;3*) 
(%) 

99.3 (99.2) 

1Rmerge (#46%#&)$+ 1%o)9;3*)  0.108 (0.343)  

< I / 1(I) >  (#46%#&)$+ 1%o)9;3* ) 9.1 (5.0) 

I46%#&)$+ 1%)9;3*  (Å) 2.00-1.90 

E'""*,".%!%* (#46%#&)$+ 1%o)9;3* ) 5.9 (5.6) 

J)µ+ %'- ,*&;>'(%* 8#&µ'$&*1/*5 K (Å2) 
(Wilson plot ) 

13.5 

1 F 1-(%#"#1%+5  Rmerge '&/L#%*) 65 BhBi|<Ih>-Ih,i|/ BhBiIh,i  .,'- <Mh> ! µ01! 0(%*1! 
%!5 *(#4;&%!%!5 *(;$"*1!5 h ,'- ,&'$=,%#) *,. %)5 i-µ#%&+1#)5 %!5 ".>6 
$&-1%*""'>&*?)$+5 +/$*) Friedel 1-µµ#%&/*5. 



! ""#!

!"#$%&'( )*$+,-&#./+0( 1"+#2,),/( !,& /µ.#&,$*.+2 3+-& ,&" $#4'µ&", 5$5&#2( 

1&" +/,/6$7+#"$ ,)# 1/-&"!7/ $1.1*8&# /µ.#&98:# !,)# 1-:,$;#.+0 /**)*&"%7/ 1&" 

$7%$ 1-&+'<$. /12 ,) =3!) 6$6&µ8#:# ,&" Broad Institute. >"#&*.+3 1-&!,8?)+/# 47 

/µ.#&98/ !,& /µ.#&,$*.+2 3+-& ,)( +-"!,/**.+0( 6&µ0(. @/ 21 $9 /",A# 1-&8+"</# 

/12 $1.1*8&# =3!$.( ,&" 5&#.6.Aµ/,&( ,&" F. oxysporum (Broad Institute) 1&" 6$# 

$7%/# !"µ1$-.*)B?$7  !,& 5&#76.& foxg_17421.2 (/µ.#&98/ 27-47). @/ "12*&.1/ 26 

(/µ.#&98/ 1-27), 6$6&µ8#&" 2,. 6$# 0,/# 5#:!,8( &. /#,7!,&.%$( =3!$.( ,&" 

5&#.6.Aµ/,&(, ,/",&1&.0?)+/# µ$ =3!) ,2!& ,)# )*$+,-&#./+0 1"+#2,),/  (%3-,$( 

2FoCFc +/. FoCFc) 2!& +/. ,)# 1&**/1*0 !,&7%.!) /**)*&"%7/( &µ2*&5:# 

9"*/#/!A# 1&" /#86$.9$ ,/ !"#,)-)µ8#/ /µ.#&98/ !,) !"5+$+-.µ8#) 1$-.&%0 

(D.+2#/ 4.5E). >,&# F7#/+/ 4.3 1/-&"!.34$,/. ) 1-:,&,/50( 6&µ0 ,)( FoXyn10a 

21:( $7%$ /-%.+3 /1&6&?$7 µ$ =3!) ,& 5&#76.& foxg_17421.2 +/. 21:( ,$*.+3 

1-&8+"<$ /12 ,) µ$,3B-/!) ,:# $1.1*8&# 6./?8!.µ:# =3!$:# /12 ,& 5&#.67:µ/ ,&" 

F. oxysporum +/. /12 ,)# +-"!,/**.+0 6&µ0. G /#/#,.!,&.%7/ /#3µ$!/ !,)# 

1$.-/µ/,.+3 1-&!6.&-.!µ8#) /**)*&"%7/ +/. ,)# 1-&=*$12µ$#) /12 ,) =3!) 

6$6&µ8#:# ,&" Broad Institute &6)5$7 !,& !"µ18-/!µ/ 2,. ) 1$-.&%0 /",0 ,&" 

5&#.6.Aµ/,&( 6$# 8%$. /**)*&"%)?$7 !$ 2*& ,)( ,& $'-&(. @& 5$5&#2( /",2 $9)5$7 +/. 

+/. ,)# ?$:-),.+3 1-&=*$12µ$#) /1&"!7/ !)µ/,&6&,.+&' 1$1,.67&" 8++-.!)( 1&" 

6$# $7#/. 6"#/,0 !,)# 1$-71,:!) ,)( 9"*/#3!)( 1&" $7#/. $9:+",,/-.+2 8#4"µ& 

+/?A( +/. ,) µ$53*) /12+*.!) /#3µ$!/ !,& ?$:-),.+3 1-&=*$12µ$#& +/. 

1$.-/µ/,.+3 1-&!6.&-.!µ8#& HI ,&" $#4'µ&".  

!"#$%$& 4.3 G /µ.#&9.+0 /**)*&"%7/ ,)( FoXyn10a 21:( 1$-.5-3B$,/. /12 ,) 
=3!) 6$6&µ8#:# ,&" Broad Institute +/. 21:( ,$*.+3 6./µ&-BA?)+$ µ$,3 /12 ,&# 
1-&!6.&-.!µ2 ,)( +-"!,/**.+0( 6&µ0( (UniProt accession number: B3A0S5). 
E#/6$.+#'&#,/. ,/ $1.1*8&# /µ.#&98/ ,&" /µ.#&,$*.+&' 3+-&" 1&" 1-&!,8?)+/# 
+/,3 ,&# 1-&!6.&-.!µ2 ,)( 6&µ0(. 

E**)*&"%7/ µ$ =3!) ,& 
5&#76.& Foxg_17421.2 ,)( 
=3!)( 6$6&µ8#:# ,&" Broad 
Institute  

MKWEAIQPNRGQFNWGPADQHAAAATSRGYELRCHTLVWHSQLPSWV
ANGNWNNQTLQAVMRDHINAVMGRYRGKCTHWDVVNEALNEDGTYR
DSVFLRVIGEAYIPIAFRMALAADPTTKLYYNDYNLEYGNAKTEGAKRI
ARLVKSYGLRIDGIGLQAHMTSESTPTQNTPTPSRAKLASVLQGLADLGV
DVAYTELDIRMNTPATQQKLQTNADAYARIVGSCMDVKRCVGITVWGI
SDKYSWVPGTFPGEGSALLWNDNFQKKPSYTSTLNTINRR 

E**)*&"%7/ +-"!,/**.+0( 
6&µ0( (UniProt accession 
number: B3A0S5) 

AASGLEAAMKAAGKQYFGTALTVRNDQGEIDIINNKNEIGSITPENA
MKWEAIQPNRGQFNWGPADQHAAAATSRGYELRCHTLVWHSQLPSWV
ANGNWNNQTLQAVMRDHINAVMGRYRGKCTHWDVVNEALNEDGTYR
DSVFLRVIGEAYIPIAFRMALAADPTTKLYYNDYNLEYGNAKTEGAKRI
ARLVKSYGLRIDGIGLQAHMTSESTPTQNTPTPSRAKLASVLQGLADLGV
DVAYTELDIRMNTPATQQKLQTNADAYARIVGSCMDVKRCVGITVWGI
SDKYSWVPGTFPGEGSALLWNDNFQKKPSYTSTLNTINRR 



!""#!

!"#"$%&' "()'*+,+- "-.-+,./0,)1 "$,23&' +,4 "$1(.#)/4 -$(235-4 +,4 

Asn101 21 *$- +- µ&'&µ1./. 6 -$$,$&(73- Asn101-Gln102-Thr103 -"&+1$13 µ&+38& 

9-:$()&;($3<2,4. =('&$#)> 15 2>)7-.- (9--)1+($:$&()&;-µ3',: NAG, --D-

µ-''*;,: ?@9 )-# 8-D-µ-''*;,: A?@) 1'2<µ-+B0,)-' 2+& µ&'+%$& µ1 8>2, +& 

+("#)* µ&+38& 9-:$()&;($3<2,4  (Deshpande, Wilkins et al. 2008) (!#)*'- 4.5B). C- 

µ*.#- '1.&D ".&2+%0,)-' 7.,2#µ&"&#B'+-4 +& -(+&µ-+&"&#,µ%'& ".<+*)&$$& +&( 

COOT (Emsley, Lohkamp et al. 2010) )-# 1E*2&' 5,µ#&(.:&D2-' 512µ&D4 

(5.&:*'&( µ1 +- ".<+1F'#)> )-+>$&#"- / >$$- µ*.#- 5#-$D+,. G.*201+, 

,$1)+.&'#-)/ "()'*+,+- "-.-+,./0,)1 1"32,4 :#- 26 µ*.#- -#0($1'&:$()*$,4 "&( 

1"32,4 1'2<µ-+B0,)-' 2+& µ&'+%$&. C& +1$#)* µ&'+%$& "&( -E&.> 2+, 5&µ/ +,4 

FoXyn10a 81$+#2+&"&#/0,)1 21 %'- +1$#)* 513)+, -H#&"#2+3-4 R 32& µ1 0.213 )-# 

Rfree 32& µ1 0.242 )-# -"&+1$13+-# -"* 5 µ&'&µ1./ 1) +<' &"&3<' +- @ )-# D E%.&(' 

327 )-# +- B, C )-# ! 326 -µ#'&H%- (!#)*'- 4.4). =+&' G3'-)- 4.4 "-.&(2#>;1+-# , 

2+-5#-)/ µ13<2, +<' 51#)+B' -H#&"#2+3-4 R )-# Rfree 2+- 5#>E&.- 2+>5#- 

)-+-2)1(/4 +&( µ&'+%$&( 1'B & G3'-)-4 4.5 "1.#%71# +- 2+-+#2+#)> -"&+1$%2µ-+- 

-"* +& +1$#)* 2+>5#& 81$+#2+&"&3,2,4 +,4 5&µ/4 +,4 FoXyn10a. C& 5#>:.-µµ- 

Ramachandran %51#H1 *+# +& 98.4% +<' -µ#'&H%<' /+-' 21 1('&F)%4 "1.#&7%4 1'B 

*$- +- -µ#'&H%- 13'-# 21 1"#+.1"*µ1'14 "1.#&7%4.  

 

!"#$%$& 4.4 6 µ13<2, +,4 +#µ/4 +<' 51#)+B' -H#&"#2+3-4 R )-# Rfree )-+> +,' 
)-+-2)1(/ +&( µ&'+%$&( "&( -E&.> +, 5&µ/ +,4 FoXyn10a  

'()*+, %$($-%./0& (,/ µ,#(12,/ 3+µ0 R 3+µ0 Rfree 

C&"&0%+,2, 4 µ&'&µ1.B' 2+,' -2Dµµ1+., µ&'>5- -"* 

+& BALBES 

0.479 0.512 

C&"&0%+,2, 5&( µ&'&µ1.&D4 -"* +& Buccaneer 0.373 0.405 

G.&20/), µ&.3<' '1.&D )-# 235 -µ#'&+1$#)B' 

-µ#'&H%<' 2+- 5 µ&'&µ1./ 

0.287 0.317 

G.&20/), 2-)7>.<' 2+,' Asn101 +<' 5 µ&'&µ1.B' 0.237 0.2643 

C1$#)* µ&'+%$& 0.213 0.242 

 



! ""#!

 

 

!"#$%& 4.4 !"#µ$%&'( $)*&'+,&-# %#. -%*/*01&2%$3#. %4, 5 µ0/54, FoXyn10a -%#, 
$-6µµ*%/# µ0,21$. 7$/08-&29*%$& # *)&:2,*&$ %4, µ0,0µ*/;, < ('+''&,0), = 
()/2-&,0), C ('5%/&,0) '$& D (µ)>*) *,; %0 ? *µ:$,59*%$& -* -"#µ$%&'( 
$,$)$/2-%$-# 1*8%*/0%$@06. 10µ(. (:063&$). A,B*%0: %0 «-#µ*50 -8,2,%#-#.» %4, 
8)0µ0,214, <, =, C '$& D 0)06 $,$1*&',6*%$& # BC-# %#. Asn25 '$& %4, @*&%0,&';, 
µ0/54, EDO. D *&'+,$ 1#µ&08/@(B#'* µ* %0 )/+@/$µµ$ MolSoft (Raush, Totrov et 
al. 2009). 



!""#!

 

!"#$%& 4.5 !"#µ$%&'( )$*+,-.$-# %+, 2Fo-Fc "/*%# #01'%*+2&$'(3 ),'24%#%$3 -1 
&-+561.3 %+, 1- )/27 $)4 %+ µ8-+ 4*+. !%+ (9) $)1&'+2.:+2%$& %$ 30 )*;%$ 
$µ&2+<8$ )+, )*+-%8=#'$2 -%+ $µ&2+%10&'4 /'*+ %+, µ+2%80+, '$%/ %#2 1).0,-# 
%#3 >+µ(3 '$& -%+ (?) # @0,'+:,0&7µ82# Asn101 %+, µ+2+µ1*+A3 9. !%+ (?) 
)$*+,-&/:+2%$& 1).-#3 %$ µ4*&$ $&=,012+@0,'40#3 (EDO) )+, B*.-'+2%$& -%# 
>&1)&C/21&$ %72 µ+*.72 9 (µ7B) '$& D ()*/-&2+). 

 

  



! ""#!

!"#$%$& 4.5 !"#"$%"$&' ()*"$%"+,+-.%./ &#$ ,+$0"."# µ+1"2*+3 

456+/ )3&6-1)$#/ (Å) 17.91-1.94 

76$8µ0/ ,)6$8*'%)91 154871 

76$8µ0/ #"0µ91 ,69"):1./ 12700 

76$8µ0/ µ+6-91 5;#"+/ 1901 

76$8µ0/ µ+6-91 #$83*)1+<*3&0*./ 26 (7-chain A, 7-chain B, 6-chain C, 3-chain 

D, 3-chain E) 

76$8µ0/ %#&='691                         

7*3%-;# A 

7*3%-;# B 

7*3%-;# C 

7*3%-;# D 

7*3%-;# E 

(2NAG, 1BMA) 

(2NAG, 1BMA, 2MAN) 

(2NAG, 1BMA) 

(2NAG, 1BMA, 1MAN) 

(2NAG, 1BMA, 1MAN) 

1Rfree ()>9")6$&? %"$(';#) 0.242 (0.316) 

1R ()>9")6$&? %"$(';#) 0.213 (0.36) 

@2%. ")"6#<91$&? #,0&*$%. 
(r.m.s.d.) µ?&+3/ ;)%µA1 (Å) 

0.008 

@2%. ")"6#<91$&? #,0&*$%. 
(r.m.s.d.) <91-#/ ;)%µA1 (º) 

1.069 

@2%. "$µ? ,#6'<+1"# 8)6µ+&6#%-#/ (Å2)   

B*# "# ,69")C1$&' '"+µ# 14.6 

D"+µ# &56$#/ #*3%-;#/ (Ca, C, N, 
O): 

14.2 

D"+µ# ,*)36$&?/ #*3%-;#/: 15 

@2%. "$µ? ,#6'<+1"# 8)6µ+&6#%-#/ E (Å2) <$# "# )")6+'"+µ#  

@06$# 5;#"+/ 25.5 

@06$# #$83*)1+<*3&0*./ 29.1 

!'&=#6# – 7*3%-;# A NAG508(30.7), NAG509(34.4), BMA600 



!""#!

(38.6) 

!"#$%&% – '()*+,% - NAG508(19.8), NAG509(23.5), 
BMA600(33.4), MAN601(42.1), 
MAN602(40.6) 

!"#$%&% – '()*+,% C NAG508(23), NAG509(24.7), BMA600(26.7) 

!"#$%&% – '()*+,% D NAG508(23.8), NAG509(26.7), 
BMA600(31), MAN601(41.7) 

!"#$%&% – '()*+,% E NAG508(19), NAG509(25.2), 
BMA600(35.2), MAN601(44.5) 

1 . /%&"0123%4 R 1&+563%7 84 R = ! | |Fo| -  |Fc | | / ! |Fo|, 9/1) |Fo| #%7  |Fc| 6+2%7 31 
/("314 31) /67&%µ%37#1: #%7 31) )/1(10759µ621) µ6 ;"*< 31 µ123=(1 ,1µ7#1: 
/%&"0123%, %23+*317$%.  

 

4.5 !"#$%&' (µ)"*+),-. ($$'$*%/0(. µ1 2#&' 3' 4*µ- 

>6 3< ;1?@67% 31) 6&0%(6+1) BLAST (Altschul, Madden et al. 1997) #%7 3<2 

%((<(1)$+% 3<4 FoXyn10a 9/84 /&1=#)A6 %/9 3<2 #&)*3%((7#? ,1µ? 6231/+*3<#6 

=2%4 µ60"(14 %&7@µ94 )/1@637#B2 #%7 $%&%#3<&7*µ=282 /&836C2B2 /1) %2?#1)2 

*3<2 17#10=267% GH10. D /(<*7=*36&< %/9 "/1A< %((<(1)$+%4 /&836E2< 6+2%7 µ+% 

)/1@637#? F)(%2"*< /1) /&1=&$63%7 %/9 31 µ7#&11&0%27*µ9 Gibberella zeae 

(%2"µ1&G1 31) Fusarium graminearum) (NCBI reference sequence: XP_386621.1) 

µ6 87% 3%)393<3% 07% 98% #"()A< %µ721F7#?4 %((<(1)$+%4, 62B < /(<*7=*36&< 

$%&%#3<&7*µ=2< /&836E2< 6+2%7 µ+% 62,1-;-1,4-F)(%2"*< (XynII, NCBI reference 

sequence: BAE71410.1) %/9 312 Aureobasidium pullulans µ6 62% 3%)393<3% (6/+*<4 

07% 98% #"()A< %µ721F7#?4 %((<(1)$+%4). !31 !$?µ% 4.1 /%&1)*7"563%7 < 

/1((%/(? *31+$7*< %((<(1)$+%4 3<4 FoXyn10a µ6 374 10 /(<*7=*36&64 %/9 "/1A< 

1µ1(10+%4 $%&%#3<&7*µ=264 F)(%2"*64. >63%F: 382 1µ9(1082 F)(%2%*B2 /1) 

/&1*,71&+*3<#%2 µ6 31 6&0%(6+1 BLAST < /(<*7=*36&< *3<2 FoXyn10a 45% 

3%)393<3% 3<4 1/1+%4 < ,1µ? 6+2%7 028*3? 6+2%7 =2% $7µ%7&7#9 =25)µ1 *$6,7%*µ=21 

µ6 ;"*< 374 F)(%2"*64 Streptomyces olivaceoviridis E-86 Fxyn #%7 CfXyn10a (FC-

14-15, #8,7#94 PDB code 1V6Y) (Kaneko, Ichinose et al. 2004). D %µ=*84 6/9µ62< 

6+2%7 < < CfXyn10a (#8,7#94 PDB 3CUI) /1) $&<*7µ1/17?@<#6 07% 3<2 #%3%*#6:< 

31) µ123=(1) 6/+()*<4 3<4 ,1µ?4 3<4 FoXyn10a. !:0#&7*< 382 %((<(1)$7B2 /1) 

*317$+@<#%2 =,67F6 937 < %µ721F7#? %#1(1)@+% 3<4 FoXyn10a =G6&6 6 /&9*@63% 



! ""#!

!µ"#$%&! (219-225) ' (!)$*+,! -.# $($,.# (!)!-')/,-!" µ0#$ +/ µ,! 

1!)!2-')"+µ&#' /#3$-4-1,4-%*5!#6+', -'# XynII !(0 -$# A. pullulans (Tanaka, 

Muguruma et al. 2006).  



!"#$!

 

 



! "#"!

!"#µ$ 4.1 !"##$%#& '(")*+', $##,#"-*)$. (,. FoXyn10a µ/ (+. 10 %#,'+0'(/1/. 
$%2 3%"4, "µ"#"5)$. *$1$6(,1+'µ07/. 8-#$73'/.: ApXynII, XYN10G5 
(Phialophora sp. CGMCC3328 GenBank accession number ADZ99358.1), PfXYND 
(Penicillium funiculosum GenBank accession number CAG25554.1), PcXYNA 
(Phanerochaete chrysosporium GenBank accession number: AAG44992.1), TaXylA 
(Thermobifida alba GenBank accession number: CAB02654.1), SmXYNAM6 
(Streptomyces megasporus GenBank accession number: ADE37527.1), FC-14-15, 
CfXYN10a 6$+ XynAS9 (Streptomyces sp. S9, GenBank accession number: 
ABX71815.1). 9$ $µ+7"80$ %"- /)7$+ ):+$ '/ 2#/. (+. 8-#$73'/. /µ;$7)<"7($+ #/-63 
'/ 6266+7" %#$)'+" /7= $-(3 %"- %$1"-'+3<"-7 "µ"+2(,($ /)7$+ 6266+7$ '/ #/-62 
%#$)'+". >+ $- 6$+ 310-0#+6/., ($ ?-%(-*@(3 ;A##$ 6$+ "+ ?-'(1";0. '-µ?"#)<"7($+ 
@. $, ,, ? 6$+ 99 $7()'("+*$.  

 

4.6 %&'()*+ ,+- ,./0/'*,$,+- 01µ#- ,+- FoXyn10a 

B%@. 2#/. "+ 8-#$73'/. (,. "+6"507/+$. GH10  (Lo Leggio, Kalogiannis et 

al. 1999), , FoXyn10a -+"C/(/) (, :+$µ21;@', (?/$)8 barrel (TIM barrel) (D+627$ 

4.4). E :/-(/1"($5&. (,. :"µ&, 2%@. %1"':+"1)'(,6/ $%2 (" %1251$µµ$ STRIDE 

(Frishman and Argos 1995), %/1+#$µ?37/+ 13 $-0#+6/., 13 ?-%(-*@(3 ;A##$ 6$+ µ)$ 

310-0#+6$ ($µ+7"80$ 289-291) (F*&µ$ 4.2). 9" *$1$6(,1+'(+62 '*&µ$ '6/A"-. %"- 

%$1$(,1/)($+ '/ 2#$ ($ µ0#, (,. "+6"507/+$. GH10 /µ;$7)</($+ 6$+ '(,7 %/1)%(@', 

(,. FoXyn10a. E /##/+%(+6& :+$("µ& '(,7 37@ /%+;37/+$ ("- '6/A"-. 0*/+ 

:+$'(3'/+. ~40 Å 6$+ ~55 Å 5+$ (" µ+612(/1" 6$+ (" µ/5$#A(/1" ,µ+38"7$, 

$7()'("+*$, /7= '(" 63(@ 361" ("- :"*/)"- , :+$("µ& /)7$+ %/1+''2(/1" 6-6#+6& µ/ 

:+3µ/(1" ~35 Å. E (1+("($5&. :"µ& (,. FoXyn10a '($C/1"%"+/)($+ µ/ :A" 

:+'"-#;+:+6"A. :/'µ"A. µ/($8A (@7 $µ+7"80@7 Cys81-Cys123 6$+ Cys273-Cys279.  

 

!"#µ$ 4.2 E :/-(/1"($5&. :"µ& ("- µ"7"µ/1"A. G (,. :"µ&. (,. FoXyn10a 2%@. 
%1"':+"1)'(,6/ $%2 (" %1251$µµ$ STRIDE.  H/ 6266+7" /µ;$7)<"7($+ "+ $-0#+6/., 
µ/ %13'+7" ($ ?-%(-*@(3 ;A##$, µ/ µ%#/ "+ 310-0#+6/., µ/ 6)(1+7" "+ ?12*"+ 6$+ "+ 
'(1";0..   

 



!"##!

! "#$%&'( %)* 5 µ+*+µ,-.* %(/ FoXyn10a 0%(* &01µµ,%-( µ+*$"& ,2*&# 

03µ4&56/ 7&# "#&%(-,2%&# µ80) ,*9/ µ,5$:+3 &-#;µ+1 &::(:,4#"-$0,)* 73-2)/ 

µ,%&'1 %)* µ+*+µ,-.* A, B, C 7&# D (µ,2)0( %(/ 4-+0<$0#µ(/ ,4#=$*,#&/ 7&%$ 

15%) 7&# 0, µ#7-9%,-+ <&;µ9 %+3 > 4+3 ,2*&# 4,-#009%,-+ ,7%,;#µ8*+ 0%+ "#&:1%( 

(µ,2)0( %(/ 4-+0<$0#µ(/ ,4#=$*,#&/ 7&%$ 7%) (?2*&7,/ 4.6 7&# 4.7). @& µ9-#& A-D 

7&# C-B 0A,%2B+*%&# µ80) 4,-#0%-+=6/ 180º 51-) &49 %+* $'+*& z (>#79*& 4.4). H 

348-;,0( %)* &:302")* B, C, D 7&# E 0%+ C 8",#', 9%# %& 48*%, µ9-#& FoXyn10a 

0%(* &01µµ,%-( µ+*$"& ,2*&# 4&*+µ+#9%34& µ, µ80( %,%-&5)*#76 &497:#0( (r.m.s.d. 

5#& %& $%+µ& Ca) ~0.13 Å 5#& %& B, C 7&# D 7&# ~0.25 Å 5#& %+ > :95) 7$4+#)* 

,17&µ4%)* <-9A)* (loop regions).  

D95) %(/ +µ+#9%(%&/ %)* A, B, C 7&# D 0A+:#$B+*%&# µ9*+ +# "#&=+-8/ 4+3 

4-+873E&* &49 %( 0157-#0( %)* µ+*+µ,-.* C 7&# >. ! 348-;,0( %+3 > 0%+ C 

&*8",#', µ2& 0,#-$ "#&"+A#7.* µ,%&<+:.* 4+3 4,-#:$µ<&*, %& 7&%$:+#4& Lys49, 

Gln89 7&# Glu51 %+3 A 4-+7,#µ8*+3 *& &::(:,4#"-$0+3* µ, %& Gly296 7&# Thr297 

%+3 D. ?#+ 0357,7-#µ8*&, ( "#&µ9-=)0( %(/ 4:,3-#76/ &:302"&/ %(/ Lys49 (A) 

µ,%&<:6;(7, 0(µ&*%#7$ (4,-#0%-+=6 %)* "2,"-)* 5)*#.* (!1, !2, !4) 7&%$ (~140 o, 

~29 o, ~17 o), &*%20%+#A&) 4-+7,#µ8*+3 *& 0A(µ&%20,# ",0µ+1/ 3"-+59*+3 µ, %& 

$%+µ& +'359*+3 O %(/ Gly296(D) 7&# OD1 %(/ Asn46(A). ! *8& ;80( %(/ Lys49 (A) 

4-+7$:,0, ,4#4:8+* µ,%&<+:8/ 0%( Gln89 (A) µ, µ,%&%94#0( 9:)* %)* &%9µ)* %(/ 

7&%$ ~1.2 Å 4-+7,#µ8*+3 *& &4+=,3A;,2 ( 0%,-,+A(µ#76 4&-,µ49"#0( µ, %+ $%+µ+ 

NE1 %(/ Gln89 (A). F%( *8& ;80( %(/ Gln89 (A) %+ $%+µ+ OE1 (A) 6%&* 4+:1 7+*%$ 

0%+ OE1 %+3 Glu51 (C) µ, &4+%8:,0µ& %( µ,%&%94#0( %(/ 4:,3-#76/ %+3 &:302"&/ 

(4,-#0%-+=6 %)* "2,"-)* 5)*#.* (!1, !2, !3) 7&%$ (~100 o, ~120 o, ~150 o), 

&*%20%+#A&), 7&# %+ 0A(µ&%#0µ9 ",0µ+1 3"-+59*+3 µ, %(* Pro55 O (A) µ80) %+3 

µ+-2+3 1"&%+/ Wat90. F%+* 7,*9 A.-+ 4+3 4-+873E, &49 %( µ,%&%94#0( %+3 G>1 

%+3 Glu51 (A) ,*%+42B,%&# 8*& µ9-#+ 1"&%+/ (Wat418 O) µ80) %+3 +4+2+3 

0A(µ&%2B+3* ",0µ9 3"-+59*+3 %& 7&%$:+#4& Gln89 OE1 (A) 7&# Thr297 O (D). 

?-+7,#µ8*+3 *& ,4#%,3A;,2 ( 03µ4&56/ "#$%&'( %)* ,4#µ8-+3/ µ+*$")* %+3 

%,%-&µ,-+1/, %& $%+µ& Ca %)* 7&%&:+24)* Ala52 and Pro299 µ,%&%+420%(7&* 7&%$ 

~0.6 Å 7&# ~0.8 Å, &*%20%+#A&, 0A(µ&%2B+*%&/ ",0µ+1/ 3"-+59*+3 µ, %& 5,#%+*#7$ 

µ9-#& µ80) %)* µ+-2)* &#;3:,*+5:379:(/. F%(* 4,-24%)0( %+3 µ+*+µ,-+1/ >, ( 

4:,3-#76 &:302"& %(/ Gln89 0%-8=,%&# 4-+/ %+ 7&%&:3%#79 78*%-+ %+3 ,*B1µ+3 7&# ( 



! "#$!

!"#µ$%&'() *+, (*#-.%/0/".1*#" µ2(' !.(µ34 5!%/6$4/5 µ. *# 6."*/4"78 

7#*89/"0# Lys49 (E), Glu51 (E). 

:.4"78, + */0/-2*+(+ *'4 µ/%1'4 FoXyn10a 7#*8 */ (;+µ#*"(µ$ */5 

*.*%#µ.%/<, (*+%1=.*#" (*+ !+µ"/5%61# 8µ.('4 !.(µ34 5!%/6$4/5 µ.*#>< *'4 

0/9"734 7#*#9/10'4 *'4 µ/%1'4 #998 7#" µ2(' µ/%1'4 <!#*/, 7#" 

#"-59.4/6957$9+, (?14#7., 4.6 7#" 4.7). :"# 0#%8!."6µ#, #µ"4/>2# $0', + Pro215 

(D) µ.*#*/01(*+7. 7#*8 ~0.8 Å 7#*8 *+4 #99+9.01!%#() *+, *$(/ µ. 24# µ$%"/ 

#"-59.4/6957$9+, $(/ 7#" µ. #µ"4/>2# */5 6."*/4"7/< µ/4/µ.%/<, 0%/7#934*#, 

0.%#"*2%' µ.*#@/92, (*# #µ"4/>2# Asn56 (A) 7#" Gln59 (A). A"7%2, #99#62, 

0#%#*+%)-+7#4 .01(+, (. $9# *# 8*/µ# *+, Asn25 (µ.*#*$0"(+ 7#*8 ~0.5 Å) + 

/0/1# .µ0927.*#" (. #99+9.0"!%8(.", 9$6' (*.%./!"8*#>+, µ.*#>< *'4 4 µ/48!'4 

*/5 *.*%#µ.%/<, (;+µ#*1=/4*#, !.(µ$ 5!%/6$4/5 µ.(3 */5 #*$µ/5 ND2 µ. */ 

8*/µ/ OD2 */5 Asp309 */5 (566.4/<, µ/4/µ.%/<, (B-D 7#" B-C). H -2(+ *+, 

Asn25 (*/ “(+µ.1/ (5484*+(+,” *'4 *.((8%'4 µ/4/µ.%34 #4#!."74<.*#" (*/ 

24-.*/ *+, C"7$4#, 4.4. 

D99., #99#62, -9"6$*.%/ '(*$(/ (+µ#4*"72,- 0/5 7#*#6%8&+7#4 #0$ *+ 

(<67%"(+ *'4 024*. µ/4/µ.%34 0.%"9#µ@84/54 */ @%$;/ µ.*#>< *+, 29"7#, #1 7#" 

*/5 &<99/5 @2 (#µ"4/>2# 33 µ. 37). E @%$;/, #5*$, µ.*#*/01(*+7. .9#&%8 (~0.4 Å) 

50$ *+4 .01!%#(+ *'4 #99+9.0"!%8(.'4 9$6' (*.%./!"8*#>+, µ. *# #4*1(*/";# 

#µ"4/>2# */5 µ/4/µ.%/<, F. G 09.5%"7) #95(1!# *+, Asn37 (A) 899#>. !"#µ$%&'(+ 

(/" !1.!%., 6'41., !1 7#" !2 0.%"(*%8&+7#4 7#*8 100° 7#" 90°, #4*1(*/";#) 

0%/7."µ24/5 4# (;+µ#*1(." 0/9"72, van der Waals #99+9.0"!%8(.", µ. */ #4*1(*/";/ 

7#*89/"0/ */5 µ/4/µ.%/<, F µ2(' µ/%1'4 <!#*/,. G 1!"# #99+9.01!%#(+ 

0#%#*+%)-+7. (*+4 Asn37 (C) 0/5 (;+µ#*1=." 8µ.(/5, !.(µ/<, 5!%/6$4/5 µ. *+4 

Asn37 (D). C0"092/4 µ.*#@/92, 7#*#6%8&+7#4 (*# 7#*89/"0# Arg191 (A) (µ"7%) 

0.%"(*%/&) *+, !1.!%+, 6'41#, !3 7#*8 ~12o) 7#" Leu237 (A) (0.%"(*%/&) *+, 

!1.!%+, 6'41#, !1 7#*8 ~22o) ', #0/*29.(µ# *+, (*.%./;+µ"7), 0#%.µ0$!"(+, 7#*8 

*+ (*/1@#>+ *'4 µ/%1'4 B 7#" C.   

H54/I1=/4*#,, /" 0"/ #>"/(+µ.1'*., !"#&/%/0/")(.", µ.*#>< *'4 µ/4/µ.%34 

B 7#" C .4*/01=/4*#" 75%1', (*# #µ"4/>2# 0/5 (;+µ#*1=/54 */5, @%$;/5, µ.*#>< 

*'4 (*/";.1'4 !.5*.%/*#6/<, !/µ), @2 7#" #2a 7#-3, 7#" @3 7#" #3a. E" @%$;/" 



!"#$!

!"#$% &'%()$*#!+ (#,* -%($.$ #$" -*-'/$0 )1*#'$" #$" -*20µ$" )!+ -µ341)$*#!+ (#+5 

.+!µ$'+!)15 !44,4-3+.'6(-+5 µ-#!70 #8* µ$*$µ-'9* :, B, C )!+ D.  

 

 

 !"#$%$& 4.6 '()µ*" +,-*./#*+ 0*+ )12µ$3"4*#3$5 µ(3$67 38# %$3$9*"08# 38# 
5 µ*#*µ(-:# 32& FoXyn10a. 

;µ5#*67 
$#$<*-=& 

>3*µ* ;µ5#*67 
?3/1*& 

>3*µ* ;0/)3$)2 (Å)  

Asn25 (A) ND2 Asp309 (D) OD2 3.1 

Asn56 (A) ND2 Pro215 (D) O 2.8 

Lys290 (A) NZ Lys290 (D) NZ 3.0 

Gly296 (A) O Lys49 (D) NZ 2.8 

Asp309 (A) OD2 Asn25 (D) ND2 3.3 

Phe311 (A) O Asp31 (B) OD2 2.9 

Asn25 (B) ND2 Asp309 (C) OD2 3.3 

Asn56 (B) ND2 Pro215 (C) O 2.8 

Pro215 (B) O Asn56 (C) OD1 3.0 

Gln257 (B) OE1 Tyr174 (E) OH 3.3 

Gln257 (B) OE1 Arg140 (E) NH1 2.9 

Gly296 (B) O Asn46 (C) ND2 3.3 

Gly296 (B) O Lys49 (C) NZ 2.9 

Phe311 (B) O Asp21 (A) OD2 2.9 

Asp66 (C) OD2 Ser92 (E) OG 2.6 

Gly296 (C) O Lys49 (B) NZ 2.9 

Phe311 (C) O Asp31 (D) OD2 2.9 

Asn56 (D) ND2 Pro215 (A) O 2.9 

Gly296 (D) O Lys49 (A) NZ 2.9 

Phe311 (D) O Asp31 (C) OD2 2.9 



! "#$!

!"#$%$& 4.7 !"#$%&'&( #)* +,-µ.* /+0&'1*&/ µ,#"23 #)* 5 µ&*&µ,0.* #4( 
FoXyn10a µ5-) µ&06)* "78/%,*&'%/91%4( 9"7 3+"#&( 

:107&-"*";&0$( ! <2= ! EDO  ! :107&--#1>&(  

                                            ! EDO   ! <2= ! :107&--#1>&( 

Asn61 ND2 (A) ! Wat133 O ! EDO408 O2 (D) ! Glu301 OE2 (D) 

Glu301 OE2 (A) ! EDO400 O1 (A) ! Wat98 O ! Asn61 ND2 (D) 

Ser303 N (C) ! EDO406 O2 (C)     

  EDO406 O1 (C) ! Wat169 O ! Asp25N (B) 

Pro299 N (C) ! EDO400 O1 (C)     

  EDO400 O2 (C) ! Wat262 O ! Asn61 ND2 (B) 

Ser303 N (A) ! EDO413 O2 (A)     

  EDO413 O1 (A) ! Wat67 O ! Asn25 N (D) 

Asn101 N (E) ! EDO407 O2 (E)     

  EDO407 O1 (E) ! Wat1176 O ! Asn322 ND2 (D) 

Thr252 OG1 (A) ! EDO409 O1 (A)     

  EDO409 O2 (A) ! Wat1323 O ! Val23 O (D), 
Glu67 OE1 (D) 

 

4.6 '#()*+ %,#-). 

?& ,*,0'1 95*#0& #4( FoXyn10a @"0&/-7$A,7 #4* 9%"-79B +7"µ10;)-4 #)* 

GH10 2/%"*"-.* "@&#,%&3µ,*& "@1 +3& 9"#"%/#79$ '%&/#"µ79$ "µ7*&25", Glu131 

(-#& C01>& C4-"4a) 9"7 Glu245 (-#& ;3%%& C7) #" &@&6" @0&-"*"#&%6A&*#"7 @0&( #& 

,-)#,0791 #&/ 9"*"%7&3 9"7 @"6A&/* #& 01%& #&/ *&/9%,1;7%&/ 9"7 #&/ 9"#"%3#4 

&25&(-C$-4(, "*#6-#&7>" (D791*" 4.7) (Lo Leggio, Kalogiannis et al. 1999). E, 

-/µ;)*6" µ, $%%,( +&µ5( &µ&%1')* 2/%"*"-.*, &7 Ca 9"7 #" 9"0C&2/%79$ $#&µ" 

$*80"9" (C+) #)* +3& 9"#"%/#79.* '%&/#"µ79.* "@5>&/* 12.6 Å 9"7 6.8 Å, 

"*#6-#&7>". ?" 9"0C&2/%79$ &2/'1*" OE1 9"7 OE2 #&/ Glu245 ->4µ"#6A&/* 

+,-µ&3( /+0&'1*&/ µ, #" NE2 #4( His208 9"7 ND2 #4( Asn172. :, C$-4 

@0&4'&3µ,*4 µ,%5#4 #4( 2/%"*$-4( Xyl10A #&/ Streptomyces lividans (Roberge, 

Shareck et al. 1997), 4 "%%4%,@6+0"-4 "/#B µ,#"23 #)* +3& "µ7*&25)* -/µC$%%,7 

-#4 +7"#B04-4 #4( 9"#$-#"-4( 7&*7-µ&3 #&/ '%&/#"µ79&3 &25&(. 



!"#$!

!" #$%$&'%(#) #*+%," ",("-.%./%$( $0) µ/$ "µ12$ 3'+%4,4µ*+5+ 

$,5µ$%(#6+ $µ(+"7*5+ µ.%$78 %5+ "0"/5+ %$ Trp86, Trp285 #$( Trp293. 9( :1,%.; 

4&.#%,"+($#<; 0'#+)%4%$; 2Fo-Fc #$( Fo-Fc $+*2.(7$+ %4+ 0$,"'3/$ 0,)3-.%4; 

0'#+)%4%$; (=(#)+$ 4.6) 3. )&$ %$ µ"+"µ.,< .#%); $0) %" = )0"' 4 0$,$%4,"8µ.+4 

0'#+)%4%$ <%$+ 0"&8 µ(#,<. > 0'#+)%4%$ $'%< -$ µ0","83. +$ $0"2"-./ 3%4+ 

0$,"'3/$ .+); 0,"32*%4. > %$'%"0"/434 %"' 1?+53%"' $'%"8 )µ5; 0,"32*%4 0$,1 

%4+ .#%.%$µ*+4 31,534 %5+ 3'3%$%(#6+ %5+ 2($&'µ1%5+ 0"' :,43(µ"0"(<-4#$+ 

#$%1 %"+ #$-$,(3µ) #$( %4+ #,'3%1&&534 %4; FoXyn10a 2.+ #$%*3%4 2'+$%<. > 

*+534 $'%< @$/+.%$( +$ 3'µA1&&.( µ$B/ µ. %(; $&&4&.0(2,13.(; &)?5 

3%.,."2(1%$74; 3%(; 0,"$+$@.,-./3.; 2"µ(#*; %,"0"0"(<3.(; 0"' 0.,(&$µA1+"'+ %" 

#$%1&"(0" Gln89. > 0$,"'3/$, %*&";, 2 µ",/5+ $(-'&.+"?&'#)&4; 3%" /2(" #*+%," 

%5+ C B, C #$( D (EDO 401 #$( 402), $0"%.&./ *+2.(74 0(-$+6+ -*3.5+ 0,)32.34; 

%"' '0"3%,6µ$%"; )05; ./:. 0,"%$-./ #$( 3. 0$&$()%.,4 µ.&*%4 3%4+ "0"/$ µ),($ 

?&'#.,)&4; <%$+ 0,"32.µ*+$ #"+%1 3%" .+.,?) #*+%," %4; 7'&$+134; $0) %" 

Penicillium simplicissimum (Schmidt, Schlacher et al. 1998).  

!"#$%& 4.6 D:4µ$%(#< 0$,"'3/$34 %5+ :$,%6+ 2($@",1; 4&.#%,"+($#<; 0'#+)%4%$; 
2Fo-Fc #$( Fo-Fc 3. (3"EF./; %"' 13 #$( 33 01+5 $0) %" µ*3" ),", $+%/3%"(:$. 
C0.(#"+/B.%$( 4 0,)3-.%4 0'#+)%4%$ 0"' .+%"0/3%4#. 3%" #$%$&'%(#) #*+%," %"' 
.+B8µ"' :5,/; 53%)3" +$ #$%$3%./ 2'+$%< 4 %$'%"0"/43< %4;.  

 



! "#$!

4.7 !"#$%&'( )(* )%&+&,')-)(* +.µ/* )(* FoXyn10a µ0 +.µ1* +.µ&$, 

.µ23.#45 673-5-'85 

! "#$%&'() *$*+,-&."/ 0/1 FoXyn10a 2,$*' -*$%µ%'30#-/ µ2 *#0) 3&.$ 

0.$ µ2&4$ 0/1 %'(%56$2'*1 GH10. 7' &,521 +'*8%961 -%# -*9*0/9%:$0*' 

2$0%-,;%$0*' (#9,.1 "2 -29'%<61 =93<.$ 2$4 µ'(961 *-%(&,"2'1 "2 0µ)µ*0* 

+2#029%0*5%:1 +%µ)1 +2$ 2-/92>;%#$ 0/ "#$%&'() +'*µ398."/.  

?'% "#5(2(9'µ6$*, / +%µ) 0/1 FoXyn10a "#5(9,@/(2 µ2 0'1 A#&*$>"21 FC-

14-15 ((.+'(31 PDB 1V6Y) (*' CfXyn10a ((.+'(31 PDB 3CUI) µ6". #-69@2"/1 

0.$ 0µ/µ>0.$ +2#029%0*5%:1 +%µ)1. 7' +:% *#061 A#&*$>"21 2-'&6<@/(*$ 5'*0, / 

FC-14-15 2,$*' 0% -&/"'6"029% *-3 >-%B/ %µ%&%5,*1 6$;#µ% µ2 5$."0) +%µ) 2$4 / 

CfXyn10a <9/"'µ%-%')@/(2 *-3 0% BALBES 5'* 0/$ (*0*"(2#) 0%# µ%$06&%# 

*$*;)0/"/1 (*0> 0%$ -9%"+'%9'"µ3 0/1 +%µ)1 µ2 µ%9'*() *$0'(*0>"0*"/.  

! #-69@2"/ 0.$ FC-14-15 (*' FoXyn10a, µ/ "#µ-29'&*µ=*$%µ6$.$ 0.$ 

2:(*µ-0.$ -29'%<4$, 6+2'A2 30' / µ6"/ 0209*5.$'() *-3(&'"/ (r.m.s.d) 2-, 3&.$ 0.$ 

*03µ.$ Ca )0*$ 1.8 Å. ! ":5(9'"/ 0.$ +:% +%µ4$ *$6+2'A2 +'*8%961 (#9,.1 "0/$ 

-29'8692'* 0.$ +:% µ%9,.$. ?'% "#5(2(9'µ6$*, % =93<%1 -%# *-%02&2,0*' *-3 0* 

*µ'$%A6* 134 µ2 138 2,$*' µ20*0%-'"µ6$%1 (*0> ~2.5 Å "0/$ -29,-0."/ 0/1 FC-14-

15 &35. 0/1 -*9%#",*1 +:% 2-'-&6%$ *µ'$%A6.$ (C<)µ* 4.1). C/µ*$0'(61 *&&*561 

-*9*0/9%:$0*' 2-,"/1 "0/$ 6&'(* *5 (*µ'$%A6* 181-196) (*' 0% 52'0%$'(3 0/1 =93<%  

(µ20*0%-,"2'1 "0* >0%µ* 0/1 (:9'*1 *&#",+*1 -%# (#µ*,$%$0*' *-3 1.5 6.1 7 Å). ! 

$6* *#0) +'*µ398."/ 2$+2<%µ6$.1 "0*@29%-%'2,0*' *-3 0/$ -*9%#",* 2$31 µ%9,%# 

BMA &35. 5&#(%;#&,."/1 0/1 Asn101, 0% %-%,% 3µ.1 02&'(> +2 "#µ-29'2&)8@/(2 

"0/$ 02&'() +%µ) &35. *$2-*9(%:1 /&2(09%$'*()1 -#($30/0*1. D* *µ'$%A6* 22 µ2 

39 "</µ*0,;%#$ µ,* *-6&'(* (*' 6$* =93<% 0* %-%,* 2-,"/1 +'*869%#$ "/µ*$0'(> *-3 

0* *$0,"0%'<* +%µ'(> "0%'<2,* 0/1 FC-14-15 (µ20*0%-,"2'1 *03µ.$ 0/1 (:9'*1 

*&#",+*1 *-3 ~2 6.1 7Å). 7 =93<%1 µ20*A: 0.$ 2&'(4$ *3a (*' *3b 2,$*' -'% 

2-'µ)(/1 "0/$ -29,-0."/ 0/1 +%µ)1 0/1 FoXyn10a &35. 0/1 -*9%#",*1 0.$ +:% 

2-'-&6%$ *µ'$%A6.$ Gly97 (*' Asn98 . 

E'* 0/ +'292:$/"/ -'@*$4$ *&&*54$ -%# 2$0%-,;%$0*' "2 *µ'$%A6* -%# 

2µ-&6(%$0*' "0/$ -93"+2"/ 0%# #-%"094µ*0%1, <9/"'µ%-%')@/(2 / #-69@2"/ µ2 

+%µ61 A#&*$*"4$ .1 "#µ-&3(.$ µ2 +'>8%9* *$>&%5* #-%"094µ*0%1 -9%(2'µ6$%# 

$* 0*#0%-%'/@%:$ *µ'$%A6* µ2 &2'0%#95'(3 93&% ":µ8.$* µ2 -9%/5%:µ2$21 µ2&6021 



!"#$!

(Schmidt, Gubitz et al. 1999; Ducros, Charnock et al. 2000; Vardakou, Flint et al. 

2005). !" #"$%&'()" "*$% +$", $" Glu45, Trp285 -(" $' -2, $" Lys49, His82, Trp86, 

Asn130, Glu131, Gln206, Glu245, Trp285, Trp293 -(" $' -1, $' Asn46 -(" $' -3 #"( 

$" Tyr178, His208 -(" +1 *)'#.,$/' 01,23045. 63$"71 "*$8, $9, "µ(,'7.9,, $' 

µ:,' )'* )"/'*0;"<3 µ3-%&4 2("='/% 0$4 0$3/3'2(%$"74 +$", 4 Trp293, .," *>4&% 

0*,$4/4µ.,' "µ(,'71 4 &3($'*/-(#+ 04µ"0;" #"( #(,4$(#:$4$" $'* ')';'* -(" $4 

01,2304 *)'0$/8µ"$'5 3;?3 ","=3/@3; #"( 03 )/'4-'1µ3,35 µ3&.$35 (Teixeira, Lo 

Leggio et al. 2001). A$4 2'µ+ $45 FoXyn10a, 4 )&3*/(#+ "&*0;2" $'* "µ(,'7.'5 

"*$'1 )"/'*0(%<3$"( 04µ",$(#% 2("='/')'(4µ.,4 (4 2;32/4 -9,;" ?2 )3/(0$/.=3$"( 

#"$% ~40 o) 03 01-#/(04 µ3 $4, ",$;0$'(?4 $/*)$'=%,4 $45 FC-14-15 &:-9 $45 

)"/'*0;"5 $'* )/'02.$4 0$' 3,3/-: #.,$/' $9, 4 "): $" 5 µ','µ3/+ $45 

"01µµ3$/45 µ',%2"5. B "&&"-+ "*$+ 3)4/3%<3( 3);045 $4 2("µ:/=904 $9, Thr297, 

Phe298 and Pro299.  

C,%&'-35 2("='/')'(+03(5 µ3 $(5 )/'","=3/@3;035 )"/"$4/+@4#", #"$% $4 

01-#/(04 $45 FoXyn10a µ3 $4 2'µ+ $45 CfXyn10a (D(#:," 4.7). B µ.04 

$3$/"-9,(#+ "):#&(04 (r.m.s.d) 3); :&9, $9, "$:µ9, Ca #"$% $4, *)./@304 $9, 

0$'(?3;9, 23*$3/'$"-'15 2'µ+5 +$", 1.2 Å. B )&3*/(#+ "&*0;2" $45 Trp293 0$4, 

)3/;)$904 $45 CfXyn10a 3)4/3%<3$"( &(-:$3/' "): $4, )/:02304 $'* ","&:-'* 

7*&'$3$/":<45 (thio-linked xylotetraose) "): :,$( 0$4 2'µ+ $45 FoXyn10a. 6;" 

3)()&.', 2("='/')';404 )"/"$4/+@4#3 0$" %$'µ" #1/("5 "&*0;2"5 $9, "µ(,'7.9, 

138-150 (µ3$"$:)(04 $9, Ca #"$% ~ 4.0 Å). 

D#$:5 "): $4 01-#/(04 µ3 $(5 21' )/'","=3/@3;035 7*&",%035, 

)/"-µ"$')'(+@4#3 )'&&")&+ 2'µ(#+ 0$';?(04 ?/40(µ')'(8,$"5 $(5 11 )/8$35 

7*&",%035 )'* )/'.#*>", µ3$% "): ","<+$404 2'µ(#8, 'µ'&:-9, µ.09 $'* 

37*)4/3$4$+ Dali (Holm and Rosenstrom 2010) (#92(#'; PDB: 1B3Y, 1ISY, 1NQ6, 

1TA3, 1V0M, 1V6Y, 1VBR, 1XYZ, 3CUG, 3NJ3, 3O2L). 63$% "): ')$(#+ 

)"/"$+/404 $45 *)./@3045 :&9, $9, 2'µ(#8, 'µ'&:-9, 2(")(0$8@4#3 :$( )"/% $4, 

*>4&+ 'µ'(:$4$" 03 :,$( "='/% $4 0*,'&(#+ ","2;)&904, ' E/:?'5 µ3$"71 $9, E6b 

#"( "6 (L6) &"µE%,3( (2(";$3/" 3#$3$"µ.,4 2("µ:/=904 0$4, )3/;)$904 $45 

FoXyn10a (D(#:," 4.7, .,@3$'). F(' 0*-#3#/(µ.,", 0$4 2'µ+ $45 FoXyn10a ' 

E/:?'5 "*$:5 ")'$3&3;$"( "): $" "µ(,'7." 211-223 #"( 3µ)&.#3$"( 0$(5 2("µ'/("#.5 

"&&4&3)(2/%03(5 µ3$"71 $9, µ','µ3/8, A #"( D #"@85 #"( B #"( C µ.09 $9, 

"µ(,'7.9, Asn56, Pro215. C, #"( 4 0*µ)"-+5 2(%$"74 $9, 4 µ','µ3/8, 0$4, 



! "#$!

!"#µµ$%&' µ()*+! ,! µ-(&(#"$ )! ,$.&',$/ 0%1 $-'&$*2$1 %' "%$&$(+1*%!3' %(4 

5&06(4 !4%(#, %( 7$7()08 0%1 !4%9 +1!%'&$/%!1 "%') -$&/-%."' %(4 µ()(µ$&(#8 : 

-(4 $/)!1 -$&1""0%$&( $;%$,1µ<)( "%( +1!=#%' ;!,1"%* -1,!)9 %' +1!µ0&>."' !4%9 

;!1 "%18 >4"1(=(71;<8 "4),9;$8 +&*"'8 %(4 $)2#µ(4.  

 

!

 

!"#$%& 4.7 ?-<&,$"' %.) ;&4"%!==1;@) +(µ@) %'8 FoXyn10a (7!=*21() ;!1 %(4 
"4µ-=0;(4 %'8 CfXyn10A µ$ ,$1(34=(%$%&!02' (>(#31!). A$ !)!-!&*"%!"' 
">!/&!8-&*5+(4 -!&(4"1*2()%!1 %! +#( ;!%!=4%1;* 7=(4%!µ1;* !µ1)(3<!, ' Trp 293 
;!1 %! 7$1%()1;* %'8 !µ1)(3<! ;!,@8 ;!1 %! µ0&1! !1,4=$)(7=4;0='8 (.8 EDO 
-!&(4"1*2$%!1 ' EDO400). ‘:),$%(: -(==!-=9 +(µ1;9 "%(/61"' %'8 FoXyn10a µ$ %! 
11 -='"1<"%$&! +(µ1;* (µ0=(7! $-1;$)%&.µ<)' "%( 5&06( L6. 

 

4.8 ' ()$*+, L6 #&" + -".&%$, /+0 )$1+, 2/3% 4%50µ"#6 14"/+0)78& 

B "%$&$(+1*%!3' %.) !µ1)(3<.) -(4 !)9;(4) "%( 5&06( L6 -*). !-0 %( 

;!%!=4%1;0 ;<)%&( %! (-(/! -&("!)!%(=/2()%!1 -&(8 %! «+» 4-(;<)%&! ;!,1"%* 

-1,!)0 %( =$1%(4&71;0 &0=( %(4 5&06(4 !4%(# µ<". %'8 $) +4)*µ$1 !=='=$-/+&!"98 

%(4 µ$ %( 4-0"%&.µ!. B ;=$1"%9 +1!µ0&>."' "%!,$&(-(1$/%!1 µ<". +$"µ@) 

4+&(70)(4 µ$ <)! µ0&1( !1,4=$)(7=4;0='8 (EDO400) ;!1 %') Pro299. B -&0"+$"' 

%'8 !1,4=$)(7=4;0='8 $)+$6(µ<).8 !-(%$=$/ <)+$13' 0%1 µ/! 4-(µ()*+! 34=02'8 ,! 

µ-(&(#"$ )! >1=(3$)',$/ "%' ,<"' !4%9. C 5&06(8 L6 >!/)$%!1 )! $-'&$*2$1 %' 



!"#$!

!"#$ %&' (µ)'*+"&' 190-198 * #,-.-%/0 %&' *1*2&' µ-%(%*123-%() ,(%4 ~1.0 "&0 

~2.5 Å #- #5"#$ µ- %( ('%2#%*)5( ,(%4.*)1( %$0 6*µ70 %$0 CfXyn10A.  

8 µ/'$ 5(9(,%$9)#µ"'$ +:.('4#$ 1*: -12#$0 6)(!"%-) -1)1."*' (µ)'*+"( 

#%$' 1-9)*57 µ-%(+; %&' <6b ,() (6 -2'() $ XynII (1/ %*' A. pullulans (Tanaka, 

Muguruma et al. 2006) $ *1*2( 1(9*:#)43-) :=$.7 *µ*.*>2( µ- %$ FoXyn10a  5&920 

&#%/#* '( -2'() >'&#%7 $ 6*µ7 %$0. ?- <4#$ %$' -9>(#2( %&' Tanaka ,() %&' 

#:'-9>(%@' %*:, $ +:.('4#$ (:%7 6-' ('7,-) #- ,(µµ2( (1/ %)0 6;* A:.*>-'-%),"0 

*),*>"'-)-0 (I ,() II) #%)0 *1*2-0 -25(' ,(%$>*9)*1*)$!-2 *) GH10 +:.('4#-0 #- 

19*$>*;µ-'$ µ-."%$ (Sato, Niimura et al. 1999). 8 XynII A"9-%() '( (1*,.2'-) (1/ 

%$' *),*>"'-)( B ,() 6)(!"%-) (:%4 %( -1)1."*' (µ)'*+"( 1*: (1*:#)43*:' (1/ %)0 

+:.('4#-0 %&' *),*>-'-)@' B ,() BB. C) XynII ,() FoXyn10a 1(9*:#)43*:' ,*)'4 

<)*5$µ),4 5(9(,%$9)#%),4 /1&0 -2'() %* :=$./ )#*$.-,%9),/ #$µ-2* (8.9 #%$' 

1-921%&#$ %$0 XynII A. pullulans ,() 9.5 #%$' 1-921%&#$ %$0 FoXyn10a), #- 

('%2!-#$ µ- %$' 1.-)*=$A2( %&' GH10 +:.('(#@' µ:,$%)(,70 19*".-:#$0 (Lafond, 

Tauzin et al. 2011). D12#$0, 1(9*:#)43*:' <".%)#%* pH 6-8 ,() #%(!-9/%$%( #- 

(.,(.),4 pH. 

!  

5. !"#$%&''()"&*+,-. µ/'-%/. %0. /$%/"1$0. %(# */"(#'+,(2 (3-(. 

FoFaeC 

5.1 451'#$0 %0. &''0'(#67&. %0. FoFaeC µ/ 81$0 %( )(5+97:µ& %(# F. 

oxysporum 

To ('*)5%/ 1.(2#)* ('4>'&#$0 1*: ,&6),*1*)-2 %$' 19&%-E'$ FoFaeC -2'() 

%* foxg_12213.2 /1&0 (:%/ 1-9)>94A-%() #%$ <4#$ 6-6*µ"'&' %*: Broad Institute. 

F%*' G2'(,( 5.1 1(9*:#)43*'%() %( 5(9(,%$9)#%),4 %*: >*')62*:. 

?- %$ <*7!-)( %*: -9>(.-2*: BLAST (Altschul, Madden et al. 1997), 

19*#6)*92#%$,(' *) 19&%-E'-0 -,-2'-0 1*: 1(9*:#)43*:' *µ*.*>2( &0 19*0 %$' 

:1*!-%),7 19&%-E'$ 1*: ,&6),*1*)-2%() (1/ %* >*'26)* foxg_12213.2. C) -#%-94#-0 

%;1*: C (1/ %*:0 µ),9**9>(')#µ*;0 A. nidulans AN1772.2, T. stipitatus ,() A. niger 

1(9*:#)43*:' 51%, 50% ,() 42% %(:%/%$%( (..$.*:52(0 µ- %$' FoFaeC, 



! "#"!

!"#$%#&'(!, )"* +!µµ$! !,- #'. &µ-/&0). ,12#)3"). ,&4 #!4#&,&'567+!" µ) #7 

8'!8'+!%$! !4#5 8)" )$() 0"2%#5 8&µ5. 

 

!"#$%$& 5.1 9!1!+#71'%#'+: #&4 0&"'8$&4 foxg_12213.2 +!' #7. ,12#)3"7. ,&4 !4#- 
+28'+&,&')$. H %7µ!#&8&#'+5 !//7/&4($! ;++1'%7. ,1&%8'&1$%#7+) µ) #& ,1-01!µµ! 
SignalP (Emanuelsson, Brunak et al. 2007), #& 6)217#'+- <= +!' pI µ) #& ,1-01!µµ! 
ProtParam (Gasteiger E. 2005) )"* &' 6;%)'. 0/4+&>4/$2%7. µ) #! NetNGlyc (Gupta R. 
2004) +!' NetOGlyc (Julenius, Molgaard et al. 2005). 

?28'+-. Broad Institute foxg_12213.2 ((12µ-%2µ! 13) 

<5+&. 0&"'8$&4 (µ) )%-"'!) 1667 

@1'6µ-. )A2"$2" 1 

@1'6µ-. @µ'"&A;2" 558 

B7µ!#&8&#'+5 !//7/&4($! 
;++1'%7. MLFASLVLVLGFIPQVLS 

C)217#'+- <&1'!+- =:1&. (Da) 59393.5 

C)217#'+- pI 6.89 

D'6!";. 6;%)'. E-0/4+&>4/$2%7.: Asn117, 167, 
378 D)1'&(;. F/4+&>4/$2%7. 

D'6!";. 6;%)'. G-0/4+&>4/$2%7.: - 

 

5.2 !$'$()(* %$+ %$,$'+-µ.& /0& FoFaeC 

H +/2"&,&$7%7, ;+I1!%7 +!' & +!6!1'%µ-. #7. FoFaeC ,1!0µ!#&,&'567+!" 

%#& J10!%#51'& ='&#)("&/&0$!. #7. B(&/5. 97µ'+*" <7(!"'+*" (J.<.D.) !,- #7" 

4,&K5I'! 8'8:+#&1! <!1$! <&4+&L/7 %LµI2"! µ) #7 8'!8'+!%$! ,&4 ,)1'01:I)#!' 

%#7" !"#$%#&'(7 )10!%$! (Moukouli, Topakas et al. 2008). M& +!6!1- ;">4µ& )$() 

<= 62 kDa +!' pI 6.8, %) %4µI2"$! µ) #'. 6)217#'+;. ,1&N/;K)'. #&4 ,1&01:µµ!#&. 

ProtParam 0'! #7" +/2"&,&'7µ;"7 ,12#)3"7.  



!"#$!

5.3 !"#$µ%& #'()*+,,-).& FoFaeC 

5.3.1 /'0$#1 )+'-). 2,13"(& )(43.#54 #'()*+,,-).& 

!" #$%"µ&' %()*+,--.*/' +/' FoFaeC 0(12µ1+$0$"34/%15 *+$ 65*+"+$7+$ 

!(215"%3' %1" 81(µ1%9)+"%3' :/µ9;1' +$) <45"%$7 6#(7µ1+$' <(9)5=5 (6!8:, 

<6<), !µ,#1 >$µ"%3' ?"$-$2;1' %1" :/µ9;1' )0@ +/5 90;A-9B/ +/' >(. :()*;51. C 

1(D"%3 *)2%&5+(.*/ +$) 95E7µ$) 3+15 26 mg/ml *9 ()4µ"*+"%@ #",-)µ1 Tris-HCl 20 

mM pH 8. C +9D5"%3 0$) 9F1(µ@*+/%9 3+15 / #",D)*/ 1+µ=5 µ9 %143µ95/ *+12@51. 

H 1(D"%3 *,(.*/ µ92,-$) 0-34$)' *)54/%=5 %()*+,--.*/' 0(12µ1+$0$"34/%9 µ9 

+/ A$349"1 ($µ0@+ (Oryx-Nano crystallization robot (Douglas Instruments, Ltd). 

:(/*"µ$0$"34/%15 #7$ 9µ0$("%, #"14&*"µ1 *%9),*µ1+1 µ9 96 #"1F$(9+"%&' 

*)543%9' %()*+,--.*/' &%1*+$: +1 JCSG-plusTM Screen (MD1-37), PACT 

premierTM, HT-96 (MD1-36)  (Molecular Dimensions) %1" PEGs Suite (Qiagen). C 

*+12@51 9;D9 @2%$ 0.3 µl µ9 66.67% (v/v) 0(.+9G5/ %1" / 90=1*/ 2"5@+15 *+$)' 16 
$C. H(7*+1--$" +/' FoFaeC 1510+7D4/%15 *9 &515 µ92,-$ 1("4µ@ *)54/%=5 %1" 

0$"%"-;1 µ92&4$)' %1" µ$(F$-$2;1'. I+$5 J;51%1 5.2 01($)*",E$5+1" $("*µ&59' 10@ 

+"' *)543%9' 0$) $#32/*15 *+/5 15,0+)K/ %()*+,--.5.  

 

6748#8& 5.2 !" *)543%9' 0$) $#32/*15 *+/5 15,0+)K/ %()*+,--.5 +/' FoFaeC. 

9µ2"'$#: )#;<8)µ8 =(431#. =<)*8). 

D3 0.2 M NaCl, 0.1 M Na/K phosphate pH 6.2, 50% 
(v/v) PEG200 

D6 0.2  M MgCl2, 0.1 M Tris pH 8.5, 20% (v/v) 
PEG8000 

D7 0.2 M LiSO4, 0.1 M Tris pH 8.5, 40% (v/v) 
PEG400 

JCSG-plusTM 

E6 0.2 M zinc acetate, 0.1 M imidazole pH 8, 20% 
(w/v) PEG3000 

PACT premierTM B1 0.1 M MIB buffer pH= 4.0, 25 % w/v PEG 1500 

A8 0.1 M MES pH 6.5, 30% (v/v) PEG300 

B8 0.1 M Tris HCl pH 8.5, 30% (v/v) PEG300 PEGs Suite 

A10 0.1 M MES pH 6.5, 25% (v/v) PEG 550MME 



! "##!

 

5.3.2 !"#$%&$'(')*&* +,-%./0 &102*./0 .,1&$3##4&*5 

!" #$%&'()* D3 (+" D7 ,-$ JCSG-plusTM -.'/0#+% #,- #10µ+,"#µ2 3)4,5%, 

."."6#,+,7% (8"(2%+ 5.1) (+" µ"(95% :)3-%-)".5% (9$#,6337%, +%,;#,-"1+.  

<9-()"µ=%-$ %+ :)3,"7&); ,- µ=/)&-* (+" 0 4-"2,0,+ ,7% (9$#,6337% 4-$ 

+%+4,>1&0(+% #,0 #$%&'(0 D3 (0.2 M NaCl, 0.1 M Na/K phosphate pH 6.2, 50% 

(v/v) PEG200) ,9-4-4-"'&0(+% ."6?-9)* 4+96µ),9-" ,-$ +91"(-> 4)"96µ+,-* 

(9$#,6337#0* 247* - 2/(-* ,0* #,+/2%+*, 0 #$/(=%,97#0 ,0* 497,)@%0*, 0 

&)9µ-(9+#;+ )45+#0*, ,- pH, 0 #$/(=%,97#0 ,-$ PEG200 (+" ,-$ NaCl. 84;#0*, 

#,- µ0,9"(2 ."63$µ+ (9$#,6337#0* 190#"µ-4-"'&0(+% 7* 492#&),+ /3$()9230 (+" 

-(,$3-/3$(-A;."- (10% (+" 0.06%, +%,;#,-"1+) )%5 .-("µ6#&0() (+" 0 

+%,"(+,6#,+#0 ,-$ PEG200 µ) 4-3$+"&$3)%-/3$(230 $B032,)9-$ CD, PEG400. 

E"+ %+ )4":9+.$%&); 0 ."+."(+#;+ ,0* (9$#,6337#0*, =/"%) 19'#0 µ;/µ+,-* 

4+9+?;%0*-#"3"(2%0* (#) +%+3-/;+ 1:1) ,- -4-;- ,-4-&),'&0() 46%7 +42 ,- ."63$µ+ 

(9$#,6337#0*.  

F=3-*, )?+9µ2#&0() 0 ,)1%"(' ,0* µ"(9-#4-96* );,) µ),+?=9-%,+* 

&9+>#µ+,+ µ"(9-(9$#,6337% #,"* 49-* (9$#,6337#0 #,+/2%)*, );,) 

4+9+#()$6A-%,+* ."+.-1"(=* +9+"5#)"* ,7% 4$9'%7% (9$#,6337#0*. <"- 

#$/()(9"µ=%+, )4+%+3'?&0() ,- 4);9+µ+ (9$#,6337#0* µ)"5%-%,+* 2µ7* ,0% 

+91"(' #$/(=%,97#0 FoFaeC +42 20 #) 15 mg/ml =,#" 5#,) µ),6 ,0% )G"#-99240#0 

-" #,+/2%)* %+ 4+9+µ=%-$% ."+$/);* (µ),6:+#0 #,0% +(29)#,0 4)9"-1' ,-$ 

."+/96µµ+,-* ?6#)7%). H,0 #$%=1)"+, /"+ ,0 µ),+?-96 ,7% '.0 +%)4,$/µ=%7% 

µ"(9-(9$#,6337% FoFaeC #) #,+/2%+ 190#"µ-4-"'&0() +3-/2,9"1+, 0 -4-;+ 

:$&;#,0() +91"(6 #,0% #,+/2%+ 4-$ 4)9");1) ,-$* 4$9'%)* (9$#,6337#0*, 

#$µ4+9=#)"9) +9(),->* +42 +$,->* (+" #,0 #$%=1)"+ ,-$* µ),=?)9) #,0% )4"?6%)"+ 

,0* %=+* #,+/2%+* 4-$ =?)9) ,- =%A$µ- 49-* (9$#,6337#0 #) 1+µ032,)90 

#$/(=%,97#0. 8%+33+(,"(6, 49-),-"µ6#,0() =%+ ."63$µ+ 4$9'%7% µ),6 +4- &9+>#0 

)%2* µ)/63-$ (9$#,633-$ (=%,-%0 +%6.)$#0 /"+ 2 min #) 50 µl µ0,9"(-> ./,-*). 8% 

#$%)1);+, 49+/µ+,-4-"'&0() (9$#,6337#0 +%+µ"/%>-%,+* 0.6 µl 497,)@%0*, 0.4 µl 

."+3>µ+,-* (9$#,6337#0* (+" 0.2 µl ."+3>µ+,-* 4$9'%7% +9+"7µ=%-$ 10, 100 (+" 

500 ?-9=* #,- ."63$µ+ (9$#,6337#0*. H,-% <;%+(+ 5.3 4+9-$#"6A-%,+" #$%-4,"(6 



!"#$!

!" #$%&"'() *!+ %,-."µ!*!"/0-'1& 2"1 #- 3$4#56.- #6& ',+.#7446& #-) FoFaeC 

'108) '1" #! 1&#5.#!"%! *$",1µ1#"'9 1*!#(4$.µ1. 
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!"#$%$& 5.3 !"#$%&'() %*+$",-*,. &/# 0$('µ1# (+",&233/,.4 %$" 
%+*5µ*&$%$')6.(*# 5'* &. 783&-/,. &.4 µ$+9$3$5-*4 &/# (+",&233/# &.4 FoFaeC 
%$" *#*%&:,,$#&*# ,8 0.2 M NaCl, 0.1 M Na/K phosphate pH 6.2, 50% (v/v) 
PEG200 (,"#6)(. D3 &$" JCSG-plusTM) 

!'()*($+, -.# /0%)µ1# %(23-455.36& !')($µ$-)%7 $80-95'3µ$ 

;33*5) <5($" ,&*5<#*4 *%< 0.3 µl ,8 1 µl =85*3:&8+$' (+:,&*33$' *332 
>*µ.3)4 %$'<&.&*4 

=8-/,. &.4 ,"5(?#&+/,.4 &.4 %+/&8@#.4 *%< 
26 mg/ml ,8 20 (*' 15 mg/ml  

='(+) 783&-/,. ,&. µ$+9$3$5-* 
&/# (+",&233/# 

;33*5) 68+µ$(+*,-*4 8%1*,.4 *%< &$"4 16 $C 
,&$"4 20 $C 

;#2%&"A. (+",&233/# *32&/# 
(*' <>' %+/&8@#.4 

;33*5) pH *%< 6.2 ,8 5.7, 6.7 (*' 7.5 ='(+) 783&-/,. ,&. µ$+9$3$5-* 
&/# (+",&233/# ,8 pH 6.7  

;33*5) ,"5(?#&+/,.4 PEG 200 *%< 50% ,8 
60% 

B8# %*+*&.+)6.(8 *#2%&"A. 
(+",&233/# 

;33*5) ,"5(?#&+/,.4 NaCl *%< 0.2 ,8 0.4 M !.µ*#&'() 783&-/,. &.4 
µ$+9$3$5-*4 &/# (+",&233/# 

C+$,6)(. 10% 53"(8+<3.4 ) 0.06% (v/v) 
$(&"3$53"($D'0-$" ,&$ µ.&+'(< 0'23"µ* 

B8# %*+*&.+)6.(8 *#2%&"A. 
(+",&233/# 

C+$,6)(. 10 µl µ-5µ*&$4 1:1 %*+*9-#.4-
,'3'(<#.4 %2#/ *%< &$ µ.&+'(< 0'23"µ* 

B8 783&'16.(8 . µ$+9$3$5-* &/# 
(+",&233/# 

='(+$,%$+2 ;#2%&"A. %$331# *332 µ'(+1# 
(+",&233/#. 

 

E*µµ-* *%< &'4 %*+*%2#/ %+$,%268'84 08# $0)5.,8 ,&.# *#2%&"A. 

8"µ85861# µ$#$(+",&233/#. !&.# F'(<#* 5.1 %*+$",'2D$#&*' 8#08'(&'(2 

(+:,&*33$' &.4 FoFaeC %$" *#*%&:>6.(*# ,&* %+1&* ,&20'* *332 (*' (*&2 &.# 

%+$,%268'* 783&-/,.4 &$" *+>'($: *%$&83?,µ*&$4. 

 

 

 

 



!"#$!

 

!"#$%& 5.1 !" #$"%&'()µ# "*+)µ&,-, $*")$#.(+/, 0('%1-)23 %-, 4*5)%6''-, 
FoFaeC $"5 #,#$%7))",%#, )( 0.2 M NaCl, 0.1 M Na/K phosphate pH 6.2, 50% 
(v/v) PEG200 (D3). (8) 9+ 4*7)%#''"+ )%2, #*:+4; )5,.;42, (<) µ( 0.4 ! NaCl, (=) 
µ+4*")$"*6 4#+ (>) $*").;42 PEG1500. 

 

5.4 '#()*+ ,-% #./*,011-% */23.4,.4%"#5 &#,"%46417& &#,7%-%-8. 

9+ 4*7)%#''"+ %23 FoFaeC #4%+,"0"';.24#, µ( :*;)2 )5?:*"%*",+4;3 

#4%+,"0"'1#3 )%"53 100@ )%" )%#.µA B13 ('=0.8123 Å) %"5 EMBL (8µ0"7*?", 

=(*µ#,1#). C#*6 %" ?(?",A3 A%+ $#*"5)1#D#, $(*+.'#)%+4; +4#,A%2%# )( E+#4*+%+4; 

+4#,A%2%# !3 Å, E(, &?+,( E5,#%; 2 ($(F(*?#)1# %-, 4*5)%#''"?*#G+4/, 

E(E"µ&,-,. C#*#46%- $#*#%1.(%#+ (,E(+4%+46 %" $(*+.'#)1?*#µµ# $"5 $*"&45H( 

#$A 4*7)%#''" FoFaeC,  #,#$%5?µ&," )( 0.4 M NaCl, 0.1 M Na/K phosphate pH 6.2 

4#+ 50% (v/v) PEG200. 
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!"#$%& 5.2 !"#$%&'()*#'µµ' +,- +#,./-0" /'12 134 '/1$4,56&3(3 /#-(12&&,- 
FoFaeC (1, (1'%µ6 (-*7#,1#,4$/89 '/1$4,5,&)'9 :13 (EMBL, ;µ5,<#*,). =, 6#$, 
139 +"#$%&'(1$/89 $/'46131'9 ")4'$ ~3 Å. 
 
 !
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6. !"µ#$%&'µ()( – *$++,-)./01 2%,)&'$.1 
!"#$ #%& '()$ *#+,-&'./()$ +'&0()$ '1$ %#/(2+#$ 3,#'/,*4$ 4'#" 1 

*.5'67+1 '1$ )%8/0()+#$ 9":+1$ 92/7 #%& '1" (,-(9;".,# 61 '1$ *8+1$ 3.3(µ;"7" 

CAZy. <#'8 '1" %./6(3( ;"#/=1$ '7" %.,/#µ8'7", 1 -2/,# 3/8+1 '7" .">2µ7" 

#)':" 4'#" 89"7+'1 %#/8 '1 µ.9851 3,83(+4 '()$ +'( 9(",367µ# '7" 

-)''#/,"(5)',-:" µ)-4'7". ?, #/0,-;$ 7+'&+( ."3.6=.,$ &', .60#" '1" ,-#"&'1'# "# 

#)=8"()" '1" #%(,-(3&µ1+1 5,9","(-)''#/,"(207" )%(+'/7µ8'7" %#/()+6# '7" 

9"7+':" -)''#/,"#+:", .60. +)µ*855., +'1" #2=1+1 '() ./.)"1',-(2 

."3,#@;/("'($ 92/7 #%& '1 µ)+'1/,:31 #)'4 (,-(9;".,# -#, ',$ %,A#";$ '1$ 

*,('.0"(5(9,-;$ .@#/µ(9;$.  

B# #/0,-8 %.,/8µ#'# '1$ %#/(2+#$ ./9#+6#$ #";3.,=#" µ,8 #+A."4 

)3/(5)',-4 3/8+1 +. -)''#/,",-(2$ -#, 1µ,-)''#/,",-(2$ %(5)+#-0#/6'.$. 

C.3(µ;"() &', 4'#" %(52 #+A.";+'./1 8557" 9"7+':" ."3(--)''#/,"#+:" -#, 

=)5#"#+:" 3." 4'#" 3)"#'& "# A.7/1A.6 7$ 1 -2/,# 5.,'()/96# '7" StCel61 -#, 

FoCel61. D,# %#/83.,9µ#, 1 3/#+',-&'1'# +. -#/*(=)µ.A)5--)''#/6"1 (CMC) .6"#, 

%./6%() 1000 @(/;$ 0#µ15&'./1 #%& #)'4 8557" 0#/#-'1/,+µ;"7" 

."3(95()-#"#+:" #%& '( µ2-1'# T. reesei (Nakazawa, Okada et al. 2008). E 

#+A."4$ #)'4 )3/(5)',-4 +)µ%./,@(/8 ;0., .%6+1$ #"#@./A.6 -#, 9,# 855.$ GH61, 

-#, %,( +)9-.-/,µ;"# #%& '()$ µ2-1'.$ A. nidulans (Bauer, Vasu et al. 2006), A. 

kawachii (Koseki, Mese et al. 2008), T. reesei (Karlsson, Saloheimo et al. 2001; Xing, 

Liu et al. 2006), T. terrestris (Harris, Welner et al. 2010) -#, P. lycopersici  (Valente, 

Infantino et al. 2011). F%('.5.6 7+'&+( -(,"4 3,#%6+'7+1 &', #)'& 3." .6"#, %#/8 

µ6# %#/8%5.)/1 #"'63/#+1 -#, &0, ( *#+,-&$ /&5($ '7" GH61 +'1 @2+1. G. *8+1 

',$ %/&+@#'# 31µ(+,.)µ;".$ µ.5;'.$ %() #"#3.,-"2()" '(" (=.,37',-& 0#/#-'4/# 

'7" GH61, .6"#, %,A#"& &', '# .580,+'# #"#979,-8 +8-0#/# %() #",0".2("'#, 

%/(H%8/0()" +'( )%&+'/7µ# -#, #"4-()" +. -.55((5,9(+#-0#/6'.$ %() 

#%.5.)A./:"("'#, -#'8 '1 3/8+1 '7" GH61 +. +1µ.6( -("'8 +'( #"#979,-& 8-/( 

(Westereng, Ishida et al. 2011) 4 %/(-2%'()" #%& '1" (=.,37',-4 3/8+1 '7" GH61 

+'( µ1 #"#979,-& 8-/( ('2%() 2 µ("((=)9."8+.$ '7" %(5)+#-0#/,':" µ. *8+1 '1" 

./9#+6# '7" Phillips, Beeson et al., 2011. 



! "#$!

! "#$%&'('$ ')% *+)',-%.% GH61 #$" CBM33 %$ ,%"/0123% '(% 

$*2',4,/µ$'"#&'('$ ')% ,%52- #$" ,6)- #3''$+"%$/.%, 0)+78 )/'&/2 %$ 9023% 

*$%2µ2"&'3*2 '+&*2 5+:/(8, 90," *492% 5"$*"/');,7 <"$ $+#,': µ94( ')% 512 

2"#2<,%,".% *:%) /, µ7$ *2"#"47$ 3*2/'+)µ:')% #$" /, /3%53$/µ& µ, 5":=2+,8 

/3/':/,"8 ,%>3µ"#.% µ"<µ:')% (Harris, Welner et al. 2010; Forsberg, Vaaje-Kolstad 

et al. 2011; Langston, Shaghasi et al. 2011; Westereng, Ishida et al. 2011). ! 

/3%,+<"/'"#? $3'? 5+:/( $%$5,70;(#, #$" /'$ *4$7/"$ '(8 *$+21/$8 ,+<$/7$8, µ, 

$16(/( '23 @$;µ21 µ,'$'+2*?8 4"<%"%2#3''$+"%210)% 34"#.% µ90+" #$" 40%, #$': 

'(% *+2/;?#( ')% $%$/3%53$/µ9%)% GH61 /, µ7<µ$ #3''$+"%$/.%. A$+:44(4$, 

$%$5,70;(#, 2 +&428 23/".% µ, $%'"26,"5)'"#? 5+:/(, &*)8 ,7%$" ( 4"<%7%( *23 

$*2',4,7 /3/'$'"#& '23 =3'"#21 #3''$+"#21 '2"0.µ$'28, $44: #$" ,6)',+"#: 

*+2/'";9µ,%)% $%$<)<"#.%, ( *$+23/7$ ')% 2*27)% ,7%$" $*$+$7'('( <"$ '(% 

,#5?4)/( '23 ,%"/03'"#21 0$+$#'?+$ ')% GH61. B"$*"/'.;(#, &'" &/2 3C(4&',+( 

,7%$" ( *,+",#'"#&'('$ /, 4"<%7%( #$" #$': /3%9*,"$ ( $%'"26,"5)'"#? "/018 '23 

35+243&µ,%23 34"#21, '&/2 *"2 9%'2%2 ,7%$" '2 /3%,+<"/'"#& $*2'94,/µ$, '2 2*272 

,6:4423 µ(5,%7>,'$" /'(% *,+7*')/( 3*2/'+)µ:')% *23 $*2',421%'$" µ&%2 $*& 

#3''$+7%(. 

A+2#,"µ9%23 %$ ,+µ(%,3;21% /)/': '$ *$+$*:%) $*2',49/µ$'$, ,7%$" *241 

/(µ$%'"#& %$ 4(=;,7 3*&C"% '2 <,<2%&8 &'" 4&<) '23 '+&*23 #4)%2*27(/(8, /'2 

$µ"%2',4"#& :#+2 ')% 512 GH61 3*:+023% 2 ,*"*492% $µ"%269$. B,52µ9%23 &'" '2 

"/03+: /3%'(+(µ9%2 #$':42"*2 "/'"57%(8 *23 /'( =3/"#? *+)',D%( @+7/#,'$" /'( 

;9/( 1 /3µµ,'90," /'2 /3%'2%"/µ& '23 µ,'$442#$'"&%'28 #$" ,*"*492% *$+23/":>," 

'2 "5"$7',+2 0$+$#'(+"/'"#& '(8 µ,;347)/(8, ,7%$" 42<"#& %$ 3*2;9/," #$%,78 &'" ( 

*$+23/7$ ,*"*492% $µ"%2',4"#.% $µ"%269)% /'( $%$/3%53$/µ9%( *+)',D%( ;$ 

µ*2+21/, %$ ,*(+,:>," '( 5+$/'"#&'('$ '23 ,%>1µ23. ! ,=$+µ2<? 5"$=2+,'"#?8 

/'+$'(<"#?8 <"$ '(% *$+$<)<? '238, &*)8 ,7%$" ( 2µ&42<( 9#=+$/(, ;$ µ*2+21/, %$ 

$*2',49/," '(% $*:%'(/( /'2 ,+.'(µ$ $3'& #$" %$ $%$5,76," '( /(µ$%'"#&'('$ '(8 

'2*2;9'(/(8 '(8 "/'"57%(8 $3'?8 /'( ;9/( 1 '(8 $µ"%26"#?8 $44(42307$8.  

E$ *+&/=$'$ ,3+?µ$'$ <1+) $*& '( 5+:/( ')% GH61 $%95,"6$% '(% 1*$+6( 

,%&8 #$"%21+"23, 26,"5)'"#21 ,%>3µ"#21 µ(0$%"/µ21 *23 5+$ *$+:44(4$ µ, '"8 

#4$/"#98 #3''$+"%:/,8, $%27<2%'$8 %9,8 25218 <"$ '(% $6"2*27(/( '(8 @"2µ:>$8 /, 

@"2µ(0$%"#& ,*7*,52. E$ 9%>3µ$ $3': #$'(<2+"2*2"21%'$" *492% )8 µ2%2263<,%:/,8 

')% *243/$#0$+"'.% #$" &0" )8 <43#2>"5"#98 35+24:/,8, &*)8 ,70$% $+0"#: 



!"#$!

!"#"#"$%&' (#)* CAZy µ& +,() #)* "(%&*- !.##"/0*12.#0!- 3/,() 41. &'$& 

"*0$*&.%&' "/$0!,. 5 µ&6,2) 410!02'" 61*03'7* 41. !730!141018* 4/7#&9*&: 

1µ;216&: (#)* 10!16<*&0" GH61 !"0 "4"*#=*#"0 (#1.: !.##"/0*12.#0!18: µ8!)#&:, 

"41#&2&' <*3&0>) ;$0 µ;*1 #): ()µ"*#0!;#)#": #7* &*?8µ7* ".#=* "22, !"0 

&*3&$1µ<*7: #): 84"/>): 4&/0((;#&/7* #1. &*;: #/;47* 3/,(): !"0 

412.("!$"/0#=*-(#;$7* (Harris, Welner et al. 2010). @"#, (.*<4&0", ) µ&221*#0!- 

</&.*" %" 4/<4&0 *" (#/"A&' (#) 30"2&8!"*() #1. "!/0+18: µ)$"*0(µ18 3/,(): #7* 
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