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Biomass

Ragauskaset al., 2006. Nature, 311: 484-489



Recalcitranceof Cell Wall

Structure

Saha, 2003. J. Ind. Microbiol. Biotechnol., 30: 279-291

Thestronginterchainhydrogen-

bondingnetwork makes

crystallinecelluloseresistantto 

enzymatichydrolysis

Access to thecrystalline

cellulosecores of

microfibrils is restrictedby

a coatingof amorphous

celluloseand

hemicellulose

Thestructural

complexityand

heterogeneityof cell-

wall constituentssuch

as microfibrils and

matrixpolymers

contributeto the

recalcitranceto 

enzymeaction

Thehydrophobic

interactions

betweencellulose

sheetsmakes

crystalline

celluloseresistant

to enzymatic

hydrolysis, 

becauseit 

contributesto the

formationof a 

denselayerof

waternearthe

hydratedcellulose

surface



Model of the plant cell wall polysaccharide networks

(Picture by MSU-DOE Plant Research Laboratory Michigan State University).



Holocellulose

Himmel et al., 2007. Nature, 315: 804-807

Hemicellulosesare 

closelyassociatedto the

surfaceof therigid

cellulosecrystalline

forming themicrofibirl

network

Pectinsare cross-

linked

polysaccharides

forminga hydrated

gel thatgluesthecell-

wall components

together

Cellulosefibril may

containthreegroupsof

glucanchains:

C1 (red) are six crystalline

chains

C2 (green) are 12 

subcrystallinechainswith

small degreeof disorder

C3 (blue) are 18 surface

chainsthatare 

subcrystallinewith a large

degreeof disorder



TheholocelluloseEnzymaticDesconstruction

Pérez et al., 2002. Int. Microbiol., 5: 53-63.



EnzymaticAttackon HolocelluloseStructure

Turner et al., 2007. Microb. Cell 

Fact., 6: 1-23

Cellulase

Xylanase

Mannanase

Pectinase



EnzymaticBreakdownof

Holocellulose

Effectiveconversionof holocelluloseto fermentable
sugarsrequires:

1. Sizereduction

2. Pretreatment/fracionation*

3. EnzymaticHydrolysis

4. Non-linearity in thehydrolysisprocessdueto 
variationsin theacessto glycosidiclinkagesand
terminal chainsavailablein differentregionsof
plantcell wall

* Thecharacteristicsof holocellulosesubstrates
vary, dependingon thepretreatmentandorigin



EnzymeCharacteristicsfor 

Conversionof Holocellulose

1. A highercatalyticefficiencyin 
insolublelignocellulosic
substrates(DP e DS);

2. Increasedstability atelevated
temperatureandata certainpH;

3. Highertoleranceto end-product
inhibition;



An Overview of Substrate

Modification

1. A reductionof substrateviscosityand/or
anincreaseof reducingsugars;

2. A changeof thetopographysurfaceand
hydrolysisrates of holocellulose



Enzymeaction

1. Changesin holocellulosecharacteristicsduring
enzymatichydrolysis

2. A nonproductivebindingof theenzymeon the
surfaceof holocellulose

3. DynamicinteractionsbetweenCBM, catalytic
domainandinsolublesubstratein theplantcell
wall

4. Enzymediffusion, adsorptionandcatalysison
the surfaceof holocellulose

5. Heterogeneityof insolublesubstrate



Fungior Bacteria?

ÅFungi: producea complexmixtureof

extracellularenzymeswith high

productivityandcatalyticefficiencyand

low cost;

ÅBacteria: produceanenzymaticcomplex

associatedto  cell wall



Parametersfor HolocelluloseHydrolysis

1) Mechanismof hydrolysisaccordingto Koshland

model

2) Therole of H2O

3) Sterichindrance

4) Synergisticactionof enzymesystems:

5) Endoand Exo activities

6) Primaryand secondaryhydrolysis

7) Enzymepromiscuity



Retentionof Stereochemistry

Coughlanetal., 1993. In: Hemicelluloseand Hemicellulases, Portland Press, pp. 53-84

Theterminal 

C1 carbon

hydroxyl is 

left in theɓ-

configuration

Retentionof Stereochemistry



RetentionMechanism

ÅHydrolysisof holocelluloseby a doubledisplacement
reactionleads to retentionof anomericconfiguration

ÅThemechanismof reactioninvolvesnucleophilicattack
(donationof H+) by anunionizedGlu or Asp residueonC-
1 of theincipientreducingsugar

Å Theresultingglycosylfragmentdiffusesawayfrom the
activecentre

ÅTheoxocarboniumion intermediate(theresidual fragment) 
is stabilizedby covalentinteractionwith ionizedGlu or Asp

ÅThereactionis completedby theaddition(from water) of a 
hydroxylgroupto thecarboniumion anda protonto the
nucleophile



Inversionof Stereochemistry

Coughlan et al.,1993. In: Hemicellulose and Hemicellulases, Portland Press, pp. 53-84

Theterminal C1 carbon

hydroxyl is left in Ŭ 

configuration



InversionMechanism

ÅHydrolysisof holocelluloseby a single

displacementreactionleads to inversionof

anomericconfiguration

ÅThereactioninvolvestheparticipationof a 

general acid(unionizedGlu or Asp) anda 

general base (ionizedGlu or Asp) in 

catalysiswith attackby a nucleophile

moleculeof water



H2O

ÅWater molecule could invade the space

under the nonreducingchain end and thus

prevent it from reannealing into the

cellulosecrystal



Enzymaticapproach

ÅDegreeof crystallinityof celulose;

ÅTypeanddistributionof lignocellulose;

ÅInespecificadsorptionof enzymein holocellulose

structure;

ÅA decreasein theamountof enzymeassociated

with holocellulose;

ÅSterichindranceandaccessibilityto enzymatic

attack



Synergism

ÅIt is observedwhentheamountof product

formedby two or more enzymesacting

togetherexceedsthearithmeticsumof the

productsformedby theactionof each

individual enzyme



Heterosynergy

ÅIt is definedasthesynergisticinteractionbetweena

sidechain- andmainchain-cleavingenzyme

ÅUniproductheterosynergy: the action of the main

chain enzymefacilitates the releaseof substituent

by thesidechainenzymeor viceversa

ÅByproductheterosynergy: theextentof liberationof

substituentand of hydrolysis of the main chain

resulting from the actions of the combined

enzymes exceededthe sum os those observed

following theactionsof theindividualenzymes



Homoesynergy
ÅThesynergisticor co-operativeinteractionbetweentwo

or more different typesof side chain-cleavingenzyme

or betweentwo or more typesof main chain-cleaving

enzyme

ÅIt is observedwhen mixtures of two or more main

chain-cleaving enzymes(by endo- or exo-acting) of

different specificities effect the release of greater

amounts of product than the sum of the products

releasedby theindividualenzymes

ÅIt is usually consideredthat the action of one enzyme

providesthesubstratefor theotheror allowsthesecond

enzymeaccessto its substrate



Antisynergy

ÅThe action of one type of enzymepreventing

theactionof asecond

ÅSome enzymescleave main chain linkages

only in the vicinity of a particular type of

substituent

ÅThe prior removal of the substituentby the

relevant side chain-cleaving enzyme would

preclude action by the specific main chain

enzyme

ÅIs it possibleto occurin vivo?



Exampleof Synergism

Coughlanet al., 1993. In HemicelluloseandHemicellulases, 53-84.



PrimaryandSecondary

Hydrolysis

ÅPrimaryhydrolysisoccurson thesurfaceof solid

ÅSecondaryhydrolysisoccursin theliquid phase

ÅDifferencesin substrateaccessiblity, DP  and

chainendavailability for differentregionsof

holocellulose



EnzymePromiscuity
ÅñOnethatdoes thingsit is notexpectedto doò

Å ñMostenzymeactivesites havegreat chemicalpotential, litteredwith

potentialcatalyticgroupsò (Daniel Herschlag)

Å Enzymesandtheirability to catalyzea spectrumof reactionswith

differentsubstratesandvaryingefficiency

Å Enzymesexhibitbothhighly efficientnativeactivitiesandlessefficient

butstill biologicallyactivitiesagainsta widevarietyof nonnative

substrates

Å ñItfacilitates enzymeevolution becausenew catalytic functions can

evolve from those that already exist weakly in existing enzymesò

(SteveReuland)

Å Highernonnativeactivity canconfera substantialfitnessadvantage

Å Promiscuousactivitiessharethemainactivesite featureswith the

nativeactivity, includingsubstratepositioningandmechanism



Hult andBerglund, 2007. Trendsin Biotechnology, 25: 231-238

ñFunctionalpromiscuity can result from different conformationsin the

ensemblecatalyzingdifferent reactions, with thenativeactivity catalyzed

by themoststable(ground-state) conformationò(proposedby Wroeet al.,

2007. HFSPJ., 1: 79-87.

A mutation that increases

the stability of a nonnative

conformation increasesits

occupancy into the

ensembleand the activity

corresponding to this

conformation

Conformational

changesenablethe

sameenzymeto 

accomodatedifferent

substrates



RobustnessandPlasticity

ñGreat Facilitatorsò  
Robustenessof enzymenativefunction:

activity is notdecreasedby a largeamount

for thenativeactivity

Plasticitytowardenzymepromiscuousfunctions:

activity is substantiallyimprovedfor other

promiscuousactivities

Whenamicrorganismis facedwith newchallenges, anenzyme

canimproveits activity towardsanewsubstrateor new

reactionwhile mantainingahigh levelof nativefunction



Khersonskyet al., 2006. 

Curr. Op. Chem. Biol., 

10: 498-508



An exampleof xylanasewith relaxedspecificity

Filho et al., 1993. J. Ind. Biotechnol., 11: 171-180



Whatto expect?

ÅThis greatly increasesthe chancesof successfully

achievinga novel function without disrupting the

old one.

ÅAn enzymeevolving a new function mustmantain

a high level of fitness throughout its evolution

otherwiseit will beconstrainedby selection.

ÅExtracellularenzymescanbe exposedto reactions

conditionsandsubstratesin the cell wall structure

thatwill challengetheir specificityandmight force

them to handle substratesand catalyzereactions

thyewerenot initially designedfor, is it possible?



OutstandingQuestion!!

ÅDoes enzymepromiscuity actually play a role in natural

evolution?

ÅñWhen a needfor new enzymaticfunction arises, nature

recruits existing enzymesthat promiscuily bind the new

substrate, or catalyzethe new reaction, and then tinkers

with theiractivesiteto fit thenewsubstrateandreactionò

ÅConsequencefrom above: new family members have

diverged from existing ones, yielding the large and

functionallydiverseenzymefamilies



Strategiesfor ImprovingthePropertiesof

Individual Holocellulose-DegradingEnzymes

1. RationalDesign (basedon knowledgeon the
enzymestructureandmechanismof catalysis)

2. DirectedEvolution(theimprovedenzymesare 
selectedafterrandommutagenesisand/or
molecular recombination)

3. Theactionof enzymeson insolublesubstrates, 
yieldinganimprovedhydrolysisrate or higher
holocellulosedigestibility



Zhanget al., 2006. Biotechnol. Adv., 24: 452-

481



Ultrafiltration
ÅIt is is a techniquefor separatingdissolvedmoleculesin 

solution on thebasisof sizewhichmeansthatmoleculeslarger

thanthemembraneporesizeratingwill beretainedat the

surfaceof themembrane.

ÅTheability of holocellulose-degradingenzymesto passthrough

ultrafiltrationmembraneswith low-molecularweightcutoff 

values;

ÅCompactstructureof holocellulose-degradingenzyme;





XYLANASE ACTION IN 

CELLULOSE PULP

XYLAN

CELLULOSE

LIGNIN

LIGNIN RELEASE

XYLOSE RELEASE

PULP FIBER

ATTACK OF A CELLULASE-FREE 

XYLANASE



A ConformationalPlasticityof Xylanase

1

4

3
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1 2

3 4



Glycosilation

ÅAn importantenzymaticstrategyto 

surviveduringextracellularholocellulose

breakdown

ÅA thermaltolerancestrategy



A ɓ-Glucosidasefrom Humicolagrisea



ɓ-Glucosidase



An EnzymaticComplexfrom Penicillium

capsulatum

Connelly et al., 1991. Enzyme Microb. Technol., 13: 470-477.



Properties

ÅDimerwith subunitof 135kDa

ÅEachsubunitis composedof threeenzymes:

ɓ-glucosidase, ɓ-laminarinase and ɓ-

glucanase

ÅEachsubunit is a single protein with three

domains, eachdisplyaingone of the above

activities



Mechanismof Action
ÅEndoactionandExoaction

ÅThe products of the endoacting ɓ-glucanase and ɓ-

laminarinaseareimediatelyacteduponby theexoactingɓ-

glucosidasecomponentto yield glucose

ÅOligomericproductsreleasedfrom glucanor laminarinby

the ɓ-glucanase or ɓ-laminarinase component of the

complex are cleaved at a faster rate by the exoacting

glucosidase

ÅThe function of the complexin vivo is to assurethe rapid

conversionof ɓ-glucans or laminarin to a product, i.e.

glucose, thatis readilyassimilableby thefungus

ÅAn enzymecomplex with the ability to effect complete

conversion of polysaccharides to their monomeric

constituent may also have considerable industrial

application



Secretomeor Exoproteome

The populationof geneproductsthat are

secretedfrom thecell



T. harzianum T4 

In PDA

SM broth

+ 1% carbon sorce (w/v

Filtrate

2-DE

Filtration

SM agar plate 

+ 1% carbon sorce (w/v)

Enzyme assays

Dialysis/ freeze drying

Protein identification

SM-

synthetic 

medium 

without 

protein



Narrow range pH gradient

(sugar caneas the carbon source)

pI 3-10

97-

66-

45-

30-

20,1-

14,1-

pI 4-7

97-

66-

45-

30-

20,1-

14,1-



Protein identification MS/MS
pI 4-7

97-

66-

45-

30-

20,1-

14,1-

MascotSearchResults

Protein View

Match to: Q6RKQ1_AURPU Score: 45

Alpha arabinofuranosidase(EC 3.2.1.55).- Aureobasidium pullulans. Found

in searchof DATA.TXT Nominal mass(Mr): 52410; CalculatedpI value: 5.35

NCBI BLAST searchof Q6RKQ1_AURPUagainstnr Unformattedsequence

stringfor pastinginto otherapplicationsTaxonomy: Aureobasidiumpullulans

Links to retrieveotherentriescontainingthis sequencefrom NCBI Entrez: 

AAR87863from Aureobasidiumpullulans

../data/200Q6RKQ1_1false380.00100.05

http://www.ncbi.nlm.nih.gov/blast/Blast.cgi?ALIGNMENTS=50&ALIGNMENT_VIEW=Pairwise&AUTO_FORMAT=Semiauto&CDD_SEARCH=on&CLIENT=web&COMPOSITION_BASED_STATISTICS=on&DATABASE=nr&DESCRIPTIONS=100&ENTREZ_QUERY=(none)&EXPECT=10&FILTER=L&FORMAT_BLOCK_ON_RESPAGE=None&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GAPCOSTS=11+1&I_THRESH=0.001&LAYOUT=TwoWindows&MATRIX_NAME=BLOSUM62&NCBI_GI=on&PAGE=Proteins&PROGRAM=blastp&QUERY=MRSRTNIALGLAATGSLVAAAPCDIYQNGGTPCVAAHGTTRALYDSYTGPLYQLKRGSDGTTTDISPLSAGGVANAAAQDSFCKGTTCLISIIYDQSGRANHLYQAQKGAFSGPDVNGNDNLAGAIGAPVTLNGKKAYGVFISPGTGYRNDEVSGTATGNEPEGMYAVLDGTHYNDACCFDYGNAEISNTDTGNGHMEAVYYGNNTIWGSGSGSGPWLMADLENGLFSGQGTKQNTADPSISNRFFTGMVKGEPNQWALRGSNAASGSLSTYYSGARPTVGGYNPMSLEGAIILGIGGDNSNGAQGTFYEGVMTSGYPSDATEASVQANIVAAKYATTSLNTAPLTVGNKISIKVTTPGYDTRYLAHTGATVNTQVVSSSSATSLKQQASWTVRTGLGNSGCYSFESVDTPGSFIRHYNFQLQLNANDNTKAFKEDATFCSQTGLVTGNTFNSWSYPAKFIRHYNNVGYIASNGGVHDFDSATGFNNDVSFVVGSSFA&SERVICE=plain&SET_DEFAULTS.x=9&SET_DEFAULTS.y=5&SHOW_OVERVIEW=on&WORD_SIZE=3&END_OF_HTTPGET=Yes
http://www.matrixscience.com/cgi/getseq.pl?MSDB+Q6RKQ1_AURPU+seq
http://www.matrixscience.com/cgi/getseq.pl?MSDB+Q6RKQ1_AURPU+seq
http://www.matrixscience.com/cgi/getseq.pl?MSDB+Q6RKQ1_AURPU+seq
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=5580
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=5580
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=5580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genpept&tool=mascot&term=AAR87863[accn]
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=5580
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=5580
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=5580


Narrow  pH gradient (4-7) 1% sugarcane bagasse

pI 3-10

97-
66-

45-

30-

20.1-

14.1-



Conclusions

ÅT. harzianumsecretome displayed different 2-DE profiles 

in response to pure and carbon sources

ÅProtein identification was not achieved by peptide mass 

fingerprinting

ÅProtein spots are presently being identified by MS/MS in 

order to correlate enzyme activity with secretome 

composition



Biorefinery

A StrategicBrazilianProject 

Turner etal., 2007. Microb. Cell Fact., 6: 1-23

A biorefineryis a facility that 

integrates biomass conversion 

processes and equipment to 

produce fuels, power, and 

chemicals from biomass

www.nrel.gov/biomass/biorefine

ry.html 



Biorefinery
A ñbiorefineryò is a 

relatively new term 

referring to the 

conversion of biomass 

feedstock into a host of 

valuable chemicals and 

energy with minimal 

waste and emissions. 

http://www.biovisiontec

h.ca/biorefinery.htm

Ragauskaset

al., 2006. 

Nature, 311: 

484-489 



BiomassConversion

Merino and Cherry, 2007. Adv. Biochem. Engin./Biotechnol., 

108: 95-120.



Strategiesto makethebiorefinery

processingmore economical

1. Incresingcommercialenzymevolumetricproductivity

2. Producingenzymesusingchepersubstrates

3. Producingenzymepreparationswith greaterstability for 
specificprocesses

4. Producingenzymeswith higherspecificactivity onsolid
substrates(Ex: cellulosebreakdownin thesolidphaseby
Endo- andExo-glucanaseis rate-limitng step)

5. Improvementin enzymeperformance

6. Reductionin enzymeproductioncost

7. Increasein sugar yields



Benefitsfor Developmentof Technologies for 

ConvertingAgriculturalandForestyResidues

to FermentableSugars

1. Improvedstrategicsecurity;

2. Decreasedtradedeficits;

3. Healthierrural economies;

4. Improvedenvironmentalquality;

5. TechnologyExports

6. A sustainableenergyresourcesupply
Zhangetal., 2006. Biotechnol. Adv., 24: 452-481.



BiorefineryEuroview

ÅThe BIOREFINERY EUROVIEW project aims 

at preparing for future EU research and 

technological development activities, including 

monitoring, assessment activities in the field of 

biorefineries, and the implications for agriculture 

and forestry policy. 

Åhttp://iarpolefr.nexenservices.com/biorefinery/pub

lic/index.html



Å This inaugural event will feature two workshops and a forum with 

approximately 30 leading speakers who will assess the prospects for 

industrial biotechnology in Europe, through presentations, question-

and-answer sessions and panel discussions. Bringing together a senior 

and international group of biotechnology producers, chemicals and 

plastics suppliers, biomass and biorefineries, end users from a wide 

variety of industries and academia, EFIB2008 will provide the perfect 

meeting place for science, industry, policymakers and investors of 

industrial biotechnology. As more companies are recognisingthe 

potential of industrial biotechnology and developing a strong interest 

in bioproducts, new opportunities are opening for organisationsin the 

know.



LignocelluloseDiversity

Howard et al., 2003. African 

J. Biotechnol. 2: 602-619



Lignocelluloseas a Source of Holocellulose

Neves et al., 2007. 

DBPBMB, 1: 1-14



Productsof LignocelluloseConversion

Howard et al., 2003. African J. Biotechnol. 2: 602-619.



Some Conclusions!!

ÅAn effectivehydrolysisof holocelluloserequiresa hetero-

andhomosynergisticactionof differenthydrolases

ÅIt is crucial anoptimizationof hydrolasesaction, specially

in theinsolublephaseof holocellulose

ÅGenomicEnzymology: ña strategyfor understandingthe

interplayof structureandfunction, requiringcorrelated

functionalandstructuralcharacterizationò



ñThere are more things in heaven 

and earth, Horatio,

Than are dreamt of in your 

philosophy.ò 

Hamlet, scene v , William 

Shakespeare



My researchgroup!




