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Lignocellulosic  
Biomass 



The Fate of Cellulose in Our Environment	

Trees and Other Plants	 Environmental Waste	
Death 

Microbes	

The Fate of Cellulose in Our Environment	



The	Plant	Cell	Wall	

Cellulose	 Other	stuff	

Carpita	NC,	Gibeaut	DM	(1993)	
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The structure of cellulose

Cellobiose	



Intra- and Interchain Hydrogen Bonding 
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Cellulases are not “normal” enzymes 

Cellulase Domains

Catalytic
domain CBD DockerinCatalytic 

module 
CBM 

Dockerin 
module 

Cellulases (and friends) 
are Multi-modular Enyzmes 

Cellulases are sophisticated enzymes 



Multi-modular Xylanase from Caldicellulosiruptor

22 22 10 3 3 3 43 6

CBM22–CBM22–GH10–CBM3–CBM3–CBM3–GH43–CBM6



Cellulose 

Catalytic 
module 

CBM 

Cellulases: Free Enzyme Paradigm 

Synergism	



Cellulosome  
Discovery 

1983 



35 years later!!! 



The Cellulosome

A discrete, cellulose-binding, multi-enzyme complex
for degradation of plant cell wall polysaccharides

Bayer & Lamed (1983)!



The	Clostridium	thermocellum	Cellulosome	

Cell 

Cellulose	

Enzymatic subunits 

I	I	
II	

Anchoring protein 

Cellulosome 

CBM	
Scaffoldin subunit 

Dockerin 

Cohesin 

Dockerin 
Cohesin 

Type	I	
Type	II	

A Molecular Lego !  
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C.	thermocellum	Cellulosome	vs.	Fungal	Enzymes		

Bayer, Henrissat & Lamed (2008) 



• More efficient synergism due to enzyme proximity 

• Common targeting of enzymes to the substrate 

• The enzymes are attached to the cell 

• The whole cell is attached to the substrate 

Ø  Minimal 
diffusion loss of 
enzymes and 
hydrolytic 
products 

Cellulosome:	Possible	Advantages	



Cellulosome Systems… 
Not so simple 
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Adaptor		
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Theme	and	VariaPons:	Cellulosome	Diversity	



Designer  
Cellulosomes 

1994 



Bayer	et	al	(1994)	Trends	Biotechnol.		12,	378	



Designer Cellulosomes 

Native Cellulosome Designer Cellulosome 

Random incorporation Controlled incorporation 

B A C Native 
dockerin-
containing 
enzymes 

B A C 
Chimaeric 
dockerin-
containing 
enzymes 

CBMCBM 1 3 2 Native 
scaffoldin 

CBMCBM 1 3 2 
Chimaeric 
scaffoldin 

Designer	Cellulosomes	



Designer	Cellulosomes	

Amaranta	Kahn	Johanna	Stern	 Yonathan	Arfi	 Lior	Artzi	

Sarah	Moraïs	Jonathan	Caspi	 Yael	Vazana	 Yonit	Ben	David	 Lital	Davidi	



Progressive	Enlargement	of	
Designer	Cellulosomes	


Sarah	Moraïs	 Johanna	Stern	
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Production of Chimaeric Cellulases		 	 	Extended	Cellulosome	Assemblies	

Wheat Straw	

Sarah	Moraïs	

Thermobifida fusca enzymes 



CBM	

-  Enhanced synergy between 2 enzymes in a 
divalent designer cellulosome 

CBM	

-  Add another type of enzyme in a 
trivalent designer cellulosome 

CBM	

-  Add yet another type of enzyme in a 
tetravalent designer cellulosome 

 -  etc …… 

	 	 	 	Incremental	Approach	

Wheat Straw	

Sarah	Moraïs	



Hexavalent	Designer	Cellulosome	


Hexavalent	Scaffoldin	
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Sarah	Moraïs	



Production of Chimaeric Cellulases		 	 	Even	Larger	Cellulosome	Assemblies	
Wheat Straw	
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Production of Chimaeric Cellulases		 	 	Adaptor	Scaffoldins	
Wheat Straw	

Johanna	Stern	

Chimaeric	Scaffoldins	
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Production of Chimaeric Cellulases		 	 	Adaptor	Scaffoldins	
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Johanna	Stern	
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70% degradation compared to  
native cellulosomes   

40% degradation compared to  
native cellulosomes   
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Designer Cellulosomes Designer	Cellulosomes:		
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Where	do	we	stand?	



“Foreign”	Enzymes	in		
Designer	Cellulosome	


Yonathan	Arfi	

LPMOs	

Lital	Davidi	

Laccase	

Gilad	Gefen	

β-Glucosidase	

x2.5	 x2	 x2	



Offshore Biorefinery 

Macroalgae 





Seaweeds	

Red	alga	 Brown	alga	 Green	alga	



Chemical	Structures	of	Macroalgae	
Red		(e.g.,	carrageenans)	

Brown	(e.g.,	alginates)	

Green	(e.g.,	ulvans)	



Adaptor	1	

Scaffoldin	

Advanced	Algae-degrading	Cellulosomes	

Adaptor	2	

Cellulases	
Xylanases	

Carrageenan	-	
Alginate	-	

Ulvan	-	
degrading	Enzymes	



Historical 
Perspectives 



Chaim	Weimann	Clostridium	acetobutylicum	



Weizmann’s Bug — from Starch to Biofuels/Solvents 

Corn (Starch) 

Starch 

Acetone 
Butanol 
Ethanol Glucose 



Cellulosic Biomass Cellulose 

Designer cellulosomes for Cellulosic Biomass to Biofuels 

Cellobiose 
Biofuels 



Designer cellulosomes for Algal Biomass to Biofuels 

Biofuels 

Algal Biomass  

Algal Breakdown Products 
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